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THE CONTRIBUTIONS OF DONALD LEE JOHNSON TO UNDERSTANDING
THE QUATERNARY GEOLOGIC AND BIOGEOGRAPHIC HISTORY
OF THE CALIFORNIA CHANNEL ISLANDS
Daniel R. Muhs1
ABSTRACT.—Over a span of 50 years, native Californian Donald Lee Johnson made a number of memorable contributions to our understanding of the California Channel Islands. Among these are (1) recognizing that carbonate dunes,
often cemented into eolianite and derived from offshore shelf sediments during lowered sea level, are markers of glacial
periods on the Channel Islands; (2) identifying beach rock on the Channel Islands as the northernmost occurrence of
this feature on the Pacific Coast of North America; (3) recognizing of the role of human activities in historic landscape
modification; (4) identifying both the biogenic and pedogenic origins of caliche “ghost forests” and laminar calcrete
forms on the Channel Islands; (5) providing the first soil maps of several of the islands, showing diverse pathways of
pedogenesis; (6) pointing out the importance of fire in Quaternary landscape history on the Channel Islands, based on
detailed stratigraphic studies; and (7), perhaps his greatest contribution, clarifying the origin of Pleistocene pygmy mammoths on the Channel Islands, due not to imagined ancient land bridges, but rather the superb swimming abilities of
proboscideans combined with lowered sea level, favorable paleowinds, and an attractive paleovegetation on the Channel
Islands. Don was a classic natural historian in the great tradition of Charles Darwin and George Gaylord Simpson, his
role models. Don’s work will remain important and useful for many years and is an inspiration to those researching the
California Channel Islands today.
RESUMEN.—A lo largo de 50 años, Donald Lee Johnson, originario de California, contribuyó de manera significativa a
brindar información sobre las Islas del Canal de California. Entre sus aportes se incluyen: (1) el descubrimiento de que
las dunas de carbonato, que suelen contener eolianita, marcan períodos glaciales en las Islas del Canal, lo cual surge de
los sedimentos de las plataformas de agua durante el nivel bajo del mar; (2) la identificación de la roca de playa (beach
rock) en las Islas del Canal como el exponente más noteño en la Costa Pacífica de Norteamérica; (3) la identificación de
la importancia de la actividad humana en la modificación histórica del paisaje; (4) la identificación del origen biogénico y
pedogénico de los “bosques fantasmas” de caliche y las formas de calcreta laminar en las Islas del Canal; (5) los primeros
mapas del suelo de varias islas, en los cuales se mostraban diversos senderos de pedogénesis; (6) la concientización de la
importancia del fuego en la historia del paisaje cuaternario en las Islas del Canal, según estudios estratigráficos; y (7) probablemente su contribución más significativa haya sido el descubrimiento del origen de los mamuts pigmeos de la época
del Pleistoceno, que no se debe a puentes continentales imaginarios, sino a la extraordinaria capacidad de nado de los
proboscídeos, combinada con el nivel bajo del mar, vientos favorables y la atractiva paleovegetación de las Islas del
Canal. Don fue un clásico historiador natural, que siguió los pasos de Charles Darwin y George Gaylord Simpson,
quienes fueron sus ejemplos. La obra de Don permanecerá vigente durante muchos años y es una inspiración para
aquellos que se dedican a investigar las Islas del Canal de California en la actualidad.

the Galápagos Islands, Don was similarly inspired by the California Channel Islands. In
the several decades of his studies, Don made a
number of outstanding contributions to our
knowledge of these diverse islands. His work
spanned the fields of geomorphology, Quaternary stratigraphy, soil science, biogeography,
archaeology, and history. In a volume dedicated to the California Islands, it is fitting to
include a summary of Don’s contributions to
our knowledge of these fascinating landscapes.
This paper covers Don’s work on coastal geomorphology (eolianite, beach rock), his work

Over a span of 50 years, the late Donald Lee
Johnson (Fig. 1) of the University of Illinois
had a love affair with the California Channel
Islands. As a physical geographer, he studied
the soils, geomorphology, paleozoogeography,
and Quaternary paleoclimatic history of all 8
islands (Fig. 2) during the course of his career,
much of it with his wife Diana Johnson (Fig. 1).
Don’s work on the islands began with his doctoral dissertation on San Miguel Island (Fig. 3),
awarded from the University of Kansas (Johnson 1972). Just as Charles Darwin was fascinated, challenged, and inspired by his visit to

1U.S. Geological Survey, MS 980, Box 25046, Federal Center, Denver, CO 80225. E-mail: dmuhs@usgs.gov
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Fig. 1. Diana and Don Johnson in the field on San Miguel Island, California, sometime in the 1960s. Photographer
unknown.
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Fig. 2. Map of the California Channel Islands.
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Fig. 3. Map of San Miguel Island, showing distribution of soils (redrawn from Johnson 1979) and localities mentioned
in the text.

on human influences on geomorphic processes,
his studies of soils (caliche, Vertisol dynamics,
soil mapping), the importance of his work on
soils to archaeologists, his documentation of fire
history, and his work on the origin of Channel
Islands mammoths and other mammals.
THE NORTHERNMOST COASTAL EOLIANITE
IN NORTH AMERICA AS A
PALEOENVIRONMENTAL INDICATOR
Eolianite (also aeolianite) is a term for any
eolian sand body cemented into rock. The
term has come to refer to carbonate-rich and
cemented dunes, mostly (though not exclusively) of Quaternary age (Fairbridge and Johnson 1978). For the most part, eolianite is found
along tropical and subtropical coasts, particularly islands, where carbonate production offshore is high but continental or insular shelves
are not diluted by noncarbonate, sand-sized
particles (Fig. 4a). On the coastlines and islands

of North America, eolianite is best known from
Atlantic and Caribbean coasts and is found on
Bermuda, the Bahamas, Puerto Rico, and the
Yucatan Peninsula. Until Don’s studies, however, few geologists recognized its presence on
the California Channel Islands, where it is the
northernmost coastal eolianite found in North
America. Don was the first to utilize these
deposits on the Channel Islands for paleoenvironmental purposes.
In his earliest paper (Johnson 1967), Don
showed that it is the high (~30%–70%) carbonate content of Channel Islands dunes (in
contrast to all mainland California dunes) that
causes them to be cemented into eolianite. He
explained that the high carbonate content is
due to several factors, including coastal configuration and high biologic productivity. Equally
important is the fact that these are islands
with small drainages. On the California mainland, large rivers drain and deliver silicate-rich
(quartz and feldspars) sand from mountainous

4
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terrain. Thus, even though biological carbonate production is high on the California mainland shelf, carbonate particles are diluted by

quartz and feldspar from large rivers. On the
Channel Islands, this dilution does not occur,
and the insular shelves are carbonate-rich.
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Don also hypothesized that much of the
eolianite on the Channel Islands was likely deposited during the last glacial period, when sea
level was low, and he cited several lines of field
evidence. These observations include eolianite
located where there is currently no beach source
and evidence that some eolianite bodies must
have once extended below present sea level.
Don also reasoned that an exposed insular shelf
with abundant carbonate sand, such as that
which would have been exposed during the
last glacial maximum (LGM), would provide
an ideal source. His later work on the stratigraphy of Channel Islands eolianites, supported
by radiocarbon dating, showed that this hypothesis is correct (Johnson 1977a, 1980a). His
stratigraphic studies show that there was rapid
emplacement of eolianite on the northwest coast
of San Miguel Island between 20,130 +
– 215
and 17,730 +
– 300 14C yr BP (~24,000 to
~21,000 cal yr BP), coinciding closely with the
LGM. However, radiocarbon ages of charcoal in
eolianite that are >40,000 yr BP also show that
eolianite deposition was not limited to the last
glacial period. Subsequent work on other Channel Islands, both San Nicolas and San Clemente,
shows that eolianites there likely also formed
during periods of low sea level, both the LGM
and the penultimate glacial period (Muhs 1992).
Thus, Don’s early work demonstrated that the
Channel Islands have one of the best glacial-age
indicators in the form of carbonate eolianite,
derived entirely from nonglacial processes but
related to glacio-eustatic sea-level lowering.
Carbonate eolianite also has paleoenvironmental significance in that it records paleowinds through high-angle cross-beds that are
foreset beds of the formerly active dunes (Fairbridge and Johnson 1978). Foreset beds, sometimes poorly preserved in unconsolidated eolian
sands, are remarkably well preserved in carbonate eolianite due to rapid cementation (Fig.
4b). Don noted that eolianites occur on 5 of the
8 Channel Islands but only on the northwest
coasts, suggesting paleowinds from the northwest, similar to those of the present. His measurement of high-angle dip azimuths confirmed
that paleowinds must have been from the northwest, consistent with the geographic distribution of these deposits (Johnson 1977a). Don concluded from these observations that the current
synoptic-scale climatic controls on the southern
California coast must also have been in place
during the LGM.

5

Don also pointed out that eolianites on
the Channel Islands host rich accumulations
of fossil land snails (Johnson 1971). Until the
early 1970s, these remarkable fossil records
had received very little attention on the Channel Islands. Don’s call for further studies was
answered by later researchers who uncovered
a fascinating series of evolutionary pathways
for gastropods on the Channel Islands during
the Quaternary. Notable among these are the
studies by Pearce (1990, 1993) on San Nicolas
Island.
THE NORTHERNMOST OCCURRENCE OF
BEACH ROCK IN NORTH AMERICA
Beach rock is lithified beach sediment, with
calcium carbonate acting as the cementing
agent. Although beach rock is by all definitions a true clastic sedimentary rock, it can form
remarkably quickly, even in a few centuries.
Typically, it occurs just seaward of the modern,
active beach face. Davies (1980) points out that
modern beach rock is almost always found in
tropical and subtropical latitudes (Fig. 5a).
Because much of the Pacific coast of North
America is north of subtropical latitudes, beach
rock has not been reported from the continental United States.
Don, studying the contact between lowelevation marine terrace deposits and eolianite,
found Pleistocene beach rock on the northern
coast of San Miguel Island (Johnson 1969). This
discovery, like eolianite on the Channel Islands,
constitutes the northernmost occurrence of this
geomorphic feature in North America (Fig. 5a).
On San Miguel Island, the material being cemented is not the modern beach but rather the
sediments overlying a wave-cut bench (i.e., marine terrace deposits; Fig. 5b). Given the elevation of the marine terrace, it is likely that this
feature dates from some part of the last interglacial complex, or marine isotope stage (MIS)
5. The cementation, however, dates from the
time of overlying eolianite emplacement. Percolating meteoric waters dissolved part of the
carbonate in the eolianite sands, facilitating
cementation by calcite of the underlying marine terrace clasts. Given that much of the
eolianite on the Channel Islands was deposited
during the LGM, it seems likely that beach
rock formation on San Miguel Island must
have taken place either shortly after the LGM
or in the Holocene.
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Fig. 5. (a) Map showing the worldwide distribution of beach rock (from Davies 1980). Note that distributions shown in
oceans are around island chains that are too small to show at this scale. (b) Beach rock on low-elevation marine terrace,
Simonton Cove, San Miguel Island, studied by Johnson (1969).

HUMAN INFLUENCES ON LANDSCAPES
IN HISTORIC TIME
The role of human activities in influencing
land-forming processes has been an important

part of geomorphology in the 20th and 21st centuries. Don made substantial contributions in
this area with his field and archival studies of
the changing landscape of San Miguel Island
from the mid-1800s to the present (Johnson
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Fig. 6. Changes in degree of eolian sand activity in historic time in the Harris Point–Simonton Cove area, San Miguel
Island (see Fig. 3 for location), from aerial photographs taken in 1954 (a) and 1994 (b).

1980a). His careful archival work showed that
human occupation and activities on San Miguel
Island had significant impacts on eolian, coastal,
and fluvial geomorphology of the island.
Early U.S. Coast Survey reports show that
prior to the introduction of sheep and cattle in
the 1860s, San Miguel Island was well vegetated, although it lacked trees. These reports,
dating from the 1850s, refer to grass and shrub
vegetation and make no mention of active
eolian sand. With the introduction of sheep and
cattle in the 1860s and continuing through a
succession of landowners until the mid-20th
century, what was stable eolian sand became
active over much of the island, likely due to
vegetation loss from grazing. Don observed that
this loss of stabilizing vegetation was exacerbated by periodic droughts in the late 19th and
early 20th centuries (Johnson 1980a). By 1895,
Coast Survey reports collected by Don documented active, falling dunes migrating into
Cuyler Harbor (Fig. 3), and active eolian sand
was widely reported by many visitors to the
island. Bathymetric surveys of Cuyler Harbor

document a steady infilling from 1852 to 1937
from the accretion of active eolian sand. In the
early 1950s, only shortly after sheep removal,
eolian sand was still highly active over much
of the island (Fig. 6a). However, by 1994, after
several decades of vegetation recovery had
taken place, much of the formerly active eolian
sand had stabilized (Fig. 6b).
In addition to changes in the activity of
sand dunes on San Miguel Island, Don documented historic changes in coastal geomorphology (Johnson 1980a). Based on early maps
(1871, 1893, and 1910) compiled by Don, the
east end of the island at Cardwell Point (Fig.
3) apparently was a coast with a precipitous
sea cliff. By 1929, based on aerial photographic evidence, Cardwell Point had developed a prominent spit due to eolian sand
accretion from the island. Don showed from
later aerial photographs that after the removal
of sheep in 1950, the spit began to erode due
to a lack of new sand supplies. A spit was still
clearly present in 1954 (Fig. 7a), but by 1994 it
was mostly gone and the cliffed coastline that

8

MONOGRAPHS OF THE WESTERN NORTH AMERICAN NATURALIST

,*)(+'&%$##)"! )+'$+)

,+*)(+'&%$##)"! )+'$+)

!# +)+&)+ # $&

!# +)+&) ##)+  $

 )  +#)
)
+$) )


!) ))
 )'$$) )
 ##)'$$) )

(+'&%$##)
"! 

(+'&%$##)
"! 




  

[Volume 7




  

Fig. 7. Changes in coastal geomorphology in historic time in the Cardwell Point area, San Miguel Island (see Fig. 3 for
location), from aerial photographs taken in 1954 (a) and 1994 (b).

was typical of the first half of the 19th century
returned (Fig. 7b).
Human activities also altered fluvial processes on the Channel Islands. The 19th-century phenomenon of dramatic and widespread
arroyo-cutting throughout the western United
States has fascinated geomorphologists for decades (Cooke et al. 1993). Both climate change
and human land use, mainly from cultivation
and/or grazing, have been cited as the causes
of such extensive and rapid stream entrenchment. Cooke and Reeves (1976), in one of the
most detailed studies of this phenomenon,
showed that in some locations, climate is the
main driver of arroyo formation and in other
locations, grazing is the primary cause. On San
Miguel Island, Don documented deep, historic
arroyo-cutting in what had previously been
mapped (based on his archival work) as a cultivated field. Overgrazing by sheep, exacerbated
by severe droughts, was the most likely cause
of this arroyo formation (Johnson 1980a). Arroyos can be seen on other islands in California
as well, and these features await detailed study.
Don’s work on San Miguel Island shows how
human activities over just a few decades had
profound effects on the eolian, coastal, and fluvial geomorphology of the island. His careful

archival work, which involved historic maps,
aerial photography, and written accounts, are
superb examples of how sometimes obscure
data sources combined with good observations
of the landscape can be highly revealing. His
time-series aerial photographs showing historic
landscape changes on San Miguel Island have
inspired investigations into the nature of the
pioneering floral species that are a part of the
revegetation process (Zellman 2012).
Human activities as a cause for vegetation
removal and landscape change are not limited
to the historic period, as Don noted (Johnson
1980a). His speculations on anthropogenic
causes of vegetation removal provided an impetus for investigators to seek evidence for
this in the archaeological record (Erlandson et
al. 2005, Rick et al. 2006).
PEDOGENIC AND BIOGENIC
ORIGINS OF CALICHE
One of the most popular attractions for visitors to Channel Islands National Park is a stop
at the Caliche Forest (also called the “Caliche
Ghost Forest”) on San Miguel Island (Fig. 3).
Caliche (also known as calcrete, calcic horizons,
or petrocalcic horizons) is common on several
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Fig. 8. The varieties of caliche studied on the Channel Islands by Don Johnson: (a) caliche “ghost forest” on San
Miguel Island; (b) rhizoliths or root casts exposed at the surface by erosion, northwestern San Miguel Island; (c) laminar
pedogenic calcrete following dune topography, San Clemente Island; (d) laminar pedogenic calcrete underlain by rhizoliths, western San Nicolas Island.

of the Channel Islands. In one of his earliest
papers, Don showed that caliche takes an astonishing variety of forms on the Channel Islands, including dramatic tree or shrub trunk
replacement products (such as those found in
the Caliche Forest; Fig. 8a), extensive carbonate-replaced root systems (Fig. 8b), and horizontal laminar forms within the lower profiles
of paleosols (Fig. 8c, 8d). Long before San
Miguel Island became part of what is now
Channel Islands National Park, in referring to
the caliche root and trunk casts of the island,
Don stated (Johnson 1967:152) that “it is hard
to conceive of similar landscapes of equal fascination that would not have been set aside as
some sort of reserve or park, were they on the
mainland.” This observation is an interesting
foreshadowing of what was to become one of
Channel Islands National Park’s most popular
sights.

Although there have been many studies of
calcrete in soils, what is unusual about the
Channel Islands is not only the diversity of
forms, but the diversity of origins. Don noted
that the more common pedogenic caliche is
widespread on the Channel Islands (Johnson
1967). This form of carbonate accumulation
occurs when climatic conditions are such that
evapotranspiration exceeds precipitation and
carbonates accumulate in the soil profile. On
the Channel Islands, the process of pedogenic
carbonate horizon formation (calcic or petrocalcic horizons in soil terminology) can be rapid,
because the carbonate content of the soil parent material (eolianite) is high. Don showed
that pedogenic carbonate of this sort can be
easily recognized in the field because it follows the original dune topography (Fig. 8c; see
also a similar photograph of the same outcrop
in Johnson [1967]).
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Fig. 9. Examples of soils mapped and studied by Don Johnson on the Channel Islands: (a) Vertisol with eolian silt
mantle, Santa Barbara Island; (b) summer dry-season cracks in a Vertisol, Santa Cruz Island; (c) the “Green Mountain
Soil” of San Miguel Island; (d) detail of Fe pisolites, as found in the E and Bt horizons of the Green Mountain Soil,
exposed at the surface by erosion, Santa Rosa Island.

Despite the ubiquity of pedogenic caliche,
Don also described the abundant biogenic caliche on the Channel Islands. Biogenic caliche
most often takes the form of rhizoliths, or carbonate forms related to roots or trunks of
plants. Such features are now recognized in
many eolianites worldwide, but Don was one
of the first to recognize the variety of such
forms in eolianites on the Channel Islands.
Rhizoliths here can be (1) a root sheath that
formed around a living root and with the
decomposition of the root leaves behind a
tube-like form with a hollow interior; (2) root
casts, which form as carbonate fills a void left
by a decomposed root or trunk; or (3) hybrid
forms, which consist of root casts surrounded
by root sheaths. All 3 forms are common on
the Channel Islands. Don inferred from the
dimensions of some of these features (e.g., Fig.
8a) that a much different vegetation must have

existed on the Channel Islands than is the case
today, probably a greater abundance of trees.
In his later thoughts on caliche, Don felt that
the excellent preservation of these delicate
features may be due, at least in part, to the
lack of burrowing soil fauna on the Channel
Islands (Diana Johnson, personal communication, 2013), a theme to which he returned in
considering other soil features, discussed below.
DIVERSITY OF SOILS ON THE CHANNEL ISLANDS
The Channel Islands host an astonishing
variety of soil types, considering their limited
spatial extent and parent materials (Fig. 9). As
part of resource assessments for the newly designated Channel Islands National Park, Don
generated the first detailed soil maps for San
Miguel Island, Santa Barbara Island, and Anacapa Island (Johnson 1979). Besides identifying
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the pedogenic origin of caliche, Don made
other interesting soil-related discoveries.
On both Santa Barbara Island and Anacapa
Island, Don mapped Chromoxererts (Vertisols,
or soils that develop cracks in the dry summer
season), Argixerolls (Mollisols, or soils with
dark-colored A horizons and clay-rich Bt horizons), and Haploxeralfs (Alfisols, or soils with
light-colored A horizons and clay-rich Bt horizons) on flat, stable marine terraces. Steeper
parts of the islands’ landscapes host Xerorthents
(Entisols), poorly developed soils that consist
only of thin A horizons over the parent material which is usually either colluvium or weathered bedrock. Muhs et al. (2007) studied the
origin of very distinctive, silt-rich A horizons
in the soils of San Clemente Island, testing a
hypothesis originally proposed by Don that
such soils could be in part derived from eolian
additions, as dust deposition (Johnson and
Hester 1972). Mineralogical and geochemical
evidence, as well as satellite imagery presented
by Muhs et al. (2007), showed that the eolian
hypothesis, first proposed by Johnson and Hester (1972), was likely correct. Don agreed to
collaborate on a similar study of silt mantles
on Santa Barbara and Anacapa Islands to see
whether dust additions could have affected the
soils there as well. The long-range-transported
dust origin of the silt mantles was confirmed
on these islands also (Muhs et al. 2008).
Nevertheless, a puzzling aspect in both eolian
studies cited above was the distinctive silt-rich,
dust-derived mantles (Fig. 9a) that were observed on the soils of the Channel Islands but
not on the nearby mainland California coastal
soils. If the dust was derived from sources to
the east of the Channel Islands during Santa
Ana winds, as the satellite imagery in Muhs et
al. (2007) indicated, why weren’t dust additions
as silt mantles apparent on the mainland soils?
Don provided the answer in our paper (see
Muhs et al. 2008:124) by noting the abundance
of burrowing animals living on or in mainland
California soils. In contrast, the numbers and
species of burrowing soil animals on the Channel Islands are very limited, particularly on the
smaller islands such as Santa Barbara and Anacapa. As an example, the Botta pocket gopher
(Thomomys bottae), one of the major bioturbators of mainland soils, especially along the coast
of California, is absent on the Channel Islands
and presumably has been absent during the
entire time the islands have existed (Johnson
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1983). The role of this animal in homogenizing
the fine fraction and small pebbles throughout
coastal soils, and concomitantly sorting large
clasts into basal stone layers, has been well
documented (Johnson 1989, 1990). Soils with
such stone layers have not been recorded on
the Channel Islands. Thus, as Don explained,
the preservation of silt-rich eolian mantles on
the Channel Islands likely reflects the dearth
of burrowing taxa that act to homogenize the
silty mantle with less silty materials below.
The Channel Islands also host Vertisols, soils
high in expandable clays, such as smectite, that
develop deep desiccation cracks (Fig. 9b) in
the dry summer season. In the wet winter season, these clays absorb moisture and swell, and
the cracks disappear. Vertisols are found on
many of the Channel Islands, particularly where
certain landscapes, such as older marine terraces, have experienced long enough periods
of pedogenesis that abundant expandable clays
can accumulate (Johnson 1979, Muhs 1982).
On such landforms, Don noted that a peculiar
situation was often present, where relatively
unweathered marine terrace gravels were
found on the tops of well-developed soils. Don’s
observation actually includes 2 counterintuitive characteristics because (1) well-developed
soils typically retain weathered fragments
of bedrock, not unweathered clasts; and (2)
rounded marine terrace gravels ought to be at
the bottoms of soil profiles, not resting on the
tops. Observation of these stone pavements
led Don to excavate soil pits on marine terraces on San Clemente and San Miguel Islands (Johnson and Hester 1972). His results
showed that any gravels with diameters coarser
than the widths of the Vertisol cracks were concentrated in the upper horizons (or on top of)
the soil profiles. Don developed a model (Fig.
10) showing that the same expandable clays
that cause the desiccation cracks in summer
absorb enough moisture in winter that swelling
pressures in the soil profile are significant.
Swelling exerts pressure in all directions, but
the direction of least resistance is upward because bedrock below and adjacent soil to the
sides provide resistance. Thus, materials within
the soil profile can migrate upward when clays
that have absorbed winter moisture exert this
swelling pressure. Any marine terrace clasts
that make it to the surface by such movement
will stay there if they are too coarse to fall back
into the Vertisol cracks in summer.

12
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Fig. 10. Model of stone pavement development by the seasonal swelling pressure of smectite-rich Vertisols, causing
upward movement of marine terrace clasts. Redrawn from Johnson and Hester (1972).

The stone pavement model described above
is a significant departure from earlier concepts
of stone pavements being lag deposits that result from eolian deflation of fine-grained soil
particles. The classical “deflation” model had
never gained much acceptance with geomorphologists, mainly because it could not explain
how a stone pavement created as an “erosional lag” could have formed on top of welldeveloped soils. Don’s mechanism reconciled
the observations of stone pavements on top of
soils whose degree of development required a
history of minimal erosion.
Identification of the “argilliturbation” process
in Vertisols on the Channel Islands is part of
what led Don to explore how this and other
pedoturbation processes could affect not only
soil development but also the integrity of archaeological site stratigraphy (Johnson 1989,
1990, 2002, Johnson and Watson-Stegner 1990,
Johnson and Balek 1991), a research avenue
he pursued the rest of his career. A review
paper of Don’s (Wood and Johnson 1978) identified a surprising variety of ways by which
soil processes could disturb archaeological site
stratigraphy and artifact contexts. Rick et al.
(2006), inspired by this review, summarized
how these specific soil-forming processes could

affect the stratigraphic integrity of archaeological sites on the Channel Islands.
Parts of San Miguel Island and Santa Rosa
Island have soils that host visually striking
Fe-rich spheres, often referred to as Fe pisolites or nodules (Figs. 9c, 9d). On San Miguel
Island, Don pointed out that Fe pisolites are
hosted by what he called the “Green Mountain Soil”: a very well-developed soil that contains an A/E/Bt/C profile and can have extraordinarily thick Bt horizons (Johnson 1972,
1979). In places where erosion has removed
finer-grained particles in the soil, Fe pisolites
form a lag pavement on the stripped soil surface (Fig. 9d). Don was the first to point out
that Fe pisolites formed in the Green Mountain Soil after stabilization and leaching of carbonate eolianite. Schulz et al. (2010) recently
studied similar features in a chronosequence
of marine terrace soils near Santa Cruz, California, and concluded that the nodules in
those soils formed by precipitation from fungi.
Paleosols (buried soils) are another soil type
Don studied in his work on the Channel Islands, and he recognized and dated some of
the most important ones in 2 of his papers
(Johnson 1977a, 1980a). Specifically, Don identified and named 2 late Quaternary paleosols
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Fig. 11. Examples of fire areas on the Channel Islands: (a) and (b), Santa Rosa Island, northern coast (see Rick et al.
2012); (c) San Nicolas Island, northern coast (see Pigati et al. 2014); (d) charcoal in carbonate-replaced tree trunk,
Simonton Cove, San Miguel Island (see Johnson 1977a, 1980a).

(“Simonton Soil,” older; “Midden Soil,” younger;
see Fig. 4b)—both developed in eolian sand—
that bracket a major period of last-glacial-age
eolianite deposition. The paleosols and the intervening eolianite underlie Holocene eolian
sand that hosts archaeological sites on the
northern coast of San Miguel Island. Archaeologists have found that these paleosols are
important markers for locating overlying archaeological sites on the island (Erlandson
and Rick 2002, Erlandson et al. 2004a).
FIRE AS A FACTOR IN LANDSCAPE HISTORY
Many investigators have noted the presence
of what appears to be fire-altered sediment in
the late Quaternary stratigraphic record of the
Channel Islands. For decades these features
have been referred to informally as “fire areas”
of the Channel Islands. The most intensely debated of these features are reddened zones of
limited areal extent (Figs. 11a, 11b) that are

sometimes, though not always, an elliptical
shape in cross section. Blackened areas sometimes, though not always, border the reddened
zones (Fig. 11c).
The origin of these features has been debated for at least half a century. Four modes of
origin have emerged from the decades of observation and discussion. The first of these is the
anthropogenic origin, championed by Berger
and Orr (1966), Orr and Berger (1966), Orr
(1967, 1968), and Berger (1980). These investigators proposed that the fire areas are of
human origin, essentially remnants of hearths
that were used for heating or cooking (particularly for cooking mammoth). There are at least
2 problems with this mode of origin. One is
that many of the fire zones occur in areas where
there is no archaeological evidence associated
with the features. A good example of this is
San Nicolas Island, where a number of these
features occur without artifacts and where
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mammoths, supposedly roasted over these fires,
have never been reported. A second problem
is that many of the fire areas have yielded
radiocarbon ages that are far older than any
accepted human presence in North America
(Pigati et al. 2014).
Countering the anthropogenic mode of origin are 2 controversial but naturally occurring
processes of origin. One of these is not related
to fire at all, but proposes that the “fire” areas
are simply zones of sediment alteration from
groundwater (Cushing et al. 1986, Cushing
1993). However, the precise mechanism by
which sediment can be simultaneously blackened and reddened in a short vertical distance
by groundwater is not clear. Furthermore, many
of the fire areas occur in sediment columns
where they cannot presently be reached by
groundwater and likely never could have been.
The other naturally occurring process returns to fire as a mechanism but proposes that
widespread fires affected the Channel Islands,
and in fact much of North America in general,
after an extraterrestrial impact event, specifically, the arrival of a comet or meteor (Kennett
et al. 2008). The hypothesized impact event
has been vigorously debated, and a full review
of the evidence is beyond the scope of this
paper. However, this proposal refers to a single event that supposedly occurred around the
time of the Allerød-Younger Dryas boundary,
about 13,000 cal yr BP. Thus, this mechanism
does not explain the origin of fire areas that
are older than that age.
All 3 of the proposed mechanisms for the
production of fire areas on the Channel Islands
have problems, but there is also a fourth possible mode of origin. Don documented that the
stratigraphic record of the Channel Islands
contains abundant evidence of naturally occurring fires over much of the late Quaternary
(Johnson 1977a, 1979, 1980a, Johnson et al.
1980). Such evidence includes discrete pockets of charcoal, layers of charcoal resting on
paleosols, charcoal-blackened rhizoliths or calcified tree trunks (Fig. 11d), and burned and
calcined bone. Ages of such materials, as determined by Don in his studies, range from
~12,000 to >40,000 cal yr BP, and these
materials are found on several of the Channel
Islands in both eolian and alluvial sediment.
Don pointed out that fires are a natural part of
a Mediterranean climate with a distinct dry
season, even during the last glacial period when
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conditions were likely more moist on the Channel Islands. Naturally occurring fires explain
the age range of fire features observed on the
Channel Islands, do not require a single cosmic event, and account for the occurrence of
such features both before and after the arrival
of humans on the Channel Islands.
Don’s early proposal that natural fires have
long been a significant influence on Channel
Islands landscapes has been fully corroborated
in recent studies. Wendorf (1982) reached the
same conclusion shortly after Don conducted
his research. A carefully conducted recent study
that combined detailed stratigraphy, radiocarbon dating, paleobotany, and clay mineralogy
reached the same conclusions about the fire
areas on Santa Rosa Island (Rick et al. 2012).
Anderson et al. (2010) reported evidence of
Native American burning on Santa Rosa Island which increased in the late Holocene.
Nevertheless, Pigati et al. (2014) found evidence of repeated nonanthropogenic fires
on San Nicolas Island, with a detailed radiocarbon chronology of charcoal ranging from
~32,500 to ~20,700 14C yr BP (~37,500 to
~24,700 cal yr BP). Thus, although humans
likely have been on the northern Channel Islands since at least ~11,000–10,000 14C yr BP
(or ~13,000–11,000 cal yr BP; see reviews in
Erlandson et al. 2008, 2011), even the youngest
ages from Pigati et al. (2014) predate the oldest
archaeological sites by a significant amount of
time.
ORIGIN OF CHANNEL ISLANDS
PYGMY MAMMOTHS
Arguably one of Don’s greatest contributions
to Channel Islands Quaternary history, and to
island biogeography in general, is his study of
the fossil mammoths (Mammuthus columbi and
Mammuthus exilis) of these islands. Like his
role models Charles Darwin and George Gaylord Simpson, Don had long been interested
in island zoogeography. Early in his career at
the University of Illinois, Don had already
made contributions to our knowledge of the
origin of both foxes (prehistoric) and goats (historic) on San Clemente Island (Johnson 1975),
as well as Pleistocene animal extinctions (Johnson 1977b). Don’s biogeographic work on the
Channel Islands (Johnson 1975, 1983, Wenner
and Johnson 1980) provided the background
for later work (Rick et al. 2009, Rick 2013) on
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how skunks, foxes, and mice reached the Channel Islands. However, it is for his work on the island mammoths that he is most frequently cited.
The origin of extinct mammoths on the Channel Islands has been debated for more than a
century (Johnson 1978). Their occurrence was
explainable simply by the existence of a former land bridge from the mainland to the
northern 4 islands (San Miguel, Santa Rosa,
Santa Cruz, and Anacapa; Fig. 2), according to
a number of researchers including Chaney and
Mason (1930), Stock (1943), Clements (1955),
Berger and Orr (1966), Van Gelder (1965),
Valentine and Lipps (1967), and Remington
(1971). All of these hypothesized land bridges
involved a connection between what is now
Anacapa Island and the closest adjacent mainland, the Oxnard–Ventura area (Fig. 2), where
the shelf is relatively shallow. The estimated
timing proposed by these authors for land
bridge existence varies from Early to Late
Pleistocene.
There is no question that the 4 northern
islands would all have been connected during
the LGM due to lowered sea levels, composing a large, single island that Orr (1968) called
“Santarosae.” Nevertheless, Don showed that
if a mainland connection to Santarosae had
occurred due to glacio-eustatic lowering of sea
levels, it would have required a global ice volume (during an unspecified glacial period) that
would have lowered sea level by ~230–235 m
(Johnson 1978, Wenner and Johnson 1980).
Put in ice-volume-equivalent terms, such a
sea-level lowering would have required ice
sheets the size of those that developed during
the LGM plus an additional mass or masses of
ice equivalent to 2 modern East Antarctic ice
sheets. There is simply no geologic evidence
that such a “superglacial” period existed at any
time during the Pleistocene. Furthermore,
Don pointed out that the presence of multiple
marine terraces on all 4 of the northern Channel Islands shows that the islands experienced
tectonic uplift in the Pleistocene, implying
that the distance from islands to mainland
would actually have been greater in the geologic past (Johnson 1978). In a later study, Don
partnered with structural geologist Arne Junger
and used seismic profiles of the area to identify submarine terraces and other features. They
showed that at no time in the Pleistocene was
the water depth between the Channel Islands
and mainland shallower than ~100 m (Junger
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and Johnson 1980). Adding to the evidence
against a former land bridge was Don’s observation that although mammoths were present
on the Channel Islands during the Pleistocene,
there were very few other mammals in the island fossil record. If a land bridge once existed,
there should be records of other Pleistocene
mammals on the Channel Islands.
Don proposed an alternative explanation for
mammoths on the Channel Islands by documenting the remarkable swimming abilities of
modern elephants, the best analog for Pleistocene mammoths (Johnson 1978). Based on
careful archival research, Don showed that both
African and Asian elephants are able swimmers and capable of swimming farther than the
~7-km water gap that would have existed between the Oxnard–Ventura mainland area and
Anacapa Island during the LGM. During the
Pleistocene, based on Don’s reconstruction
of LGM paleowinds (Johnson 1977a) from the
eolianite record (see discussion above), mammoths might have been motivated to swim to
Santarosae because they smelled the island
vegetation. Island vegetation that was pristine
compared to the mainland where there were
competing mammal consumers could have induced at least a few mammoths to attempt the
short swim to Santarosae. Don speculated that
such a scenario could have occurred multiple
times during the Pleistocene. Once mainland
mammoths reached the islands during glacial
periods, high sea levels during interglacial
periods would have increased the island-tomainland distance, possibly beyond their swimming abilities. If so, isolation on the islands
would explain the dwarfing process, that is,
the evolution of Mammuthus columbi (Columbian mammoth) to M. exilis (pygmy mammoth).
Absence of predators would provide no advantage to large mammoths, and limited forage
areas and food resources would favor small
mammoths (Johnson 1978). Under this scenario, therefore, the fossil record on the Channel Islands should show both large mammoths
(Mammuthus columbi) and the pygmy mammoths (M. exilis) that evolved from them. Work
by Agenbroad (2012) shows that this is indeed
the case.
Wenner et al. (1991) stated that by the early
1990s there was little in the way of a reliable
chronology for mammoths on the Channel Islands. However, Don was one of the earliest
contributors to develop a reliable chronology
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Fig. 12. (a) Diana Johnson pointing to mammoth-bone-rich sediments at Running Springs, San Miguel Island, California (see Fig. 3), where Don dated charcoal (~16,000–15,000 14C yr BP, or ~19,600–18,800 cal yr BP) in association with
mammoth bone (Johnson 1981, Liu and Coleman 1981); (b) Bill Faulkner, Channel Islands National Park, next to a
nearly complete pygmy mammoth (Mammuthus exilis) skeleton excavated on Santa Rosa Island (Agenbroad et al. 1999)
and dated to 12,840 +
– 410 14C yr BP, or ~15,000 cal yr BP (Agenbroad 1998); (c) map showing the worldwide distribution of fossil Cenozoic proboscideans found on islands. Distribution from Johnson (1980b), Palombo (2007), Takahashi et
al. (2001), Tikhonov et al. (2003), Guthrie (2004), Poulakakis et al. (2006), Vartanyan et al. (2008), Veltre et al. (2008), Enk
et al. (2009), Herridge and Lister (2012), Liscaljet (2012), and sources therein.

for mammoths on the Channel Islands. Don’s
work on San Miguel Island showed that one of
the richest fossil mammoth sites on the Channel
Islands was at a locality called Running Springs,
on the northwest side of the island (Figs. 3, 12a).
Running Springs has also been significant for
being the location of some of the earliest archaeological records on San Miguel Island
(Erlandson et al. 2004b). At this locality, Don
found cypress wood charcoal from a buried colluvial soil that was in direct contact with burned
and calcined pygmy mammoth bone. Radiocarbon ages (Johnson 1979, 1981, Liu and Coleman

1981) on this charcoal gave ages of 16,520 +
– 150
14C yr BP, or ~19,600 cal yr BP (without NaOH
leach), and 15,630 +
– 460 14C yr BP, or ~18,800
cal yr BP (with NaOH leach). These ages are
among the first reliable radiocarbon ages dating
Channel Islands mammoths to the LGM (see
review in Agenbroad 2005). In 1994, a nearly
complete pygmy mammoth skeleton was discovered and excavated on Santa Rosa Island
(Fig. 12b). This skeleton yielded a radiocarbon
age of 12,840 +
– 410 14C yr BP, or ~15,000 cal yr
BP, also placing it in the last glacial period
(Agenbroad 1998, Agenbroad et al. 1999).
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Don’s work on the origin of Channel Islands mammoths encouraged him to consider
how other proboscideans reached island locations in many other parts of the world during
the Cenozoic (Fig. 12c). Some island mammoths, such as those on Wrangel Island off
Siberia and the Pribilof Islands off Alaska,
could have easily reached their insular locations by walking because (unlike the Channel
Islands) lowered LGM sea levels would have
connected these islands to their adjacent mainland land masses (Guthrie 2004). However,
other fossil proboscidean–bearing islands, such
as certain islands of the Mediterranean, Indonesia, the Ryukyu Islands of Japan, and possibly the Philippines, are separated from mainland coasts at present and probably also were
separated during lowered sea levels of glacial
periods. Don pointed out, in a later paper, that
the occurrence of fossil proboscideans on many
of these islands could be explained by swimming rather than by imagined land bridges for
which there was no geologic evidence (Johnson 1980b). This paper has been cited dozens
of times by zoologists, ecologists, mammalogists, wildlife managers, paleontologists, and archaeologists studying the modern and fossil
proboscidean record in the Mediterranean, the
Philippines, Indonesia, and Japan. The paper
is a tremendous contribution to island biogeography, all stemming from Don’s careful consideration of the geologic and biologic evidence
from the California Channel Islands.
SUMMARY
Donald Lee Johnson was an exceptional
scientist who took a traditional natural historian’s approach to studying phenomena in the
geosciences and biological sciences on the
California Channel Islands. He was, without a
doubt, one of the most creative thinkers that
many of us ever met. Don made important contributions to our understanding of Channel
Islands geomorphology (dunes and eolianites,
beach rock, coastal geomorphology, arroyo cutting), soils (caliche, Vertisols, stone pavements,
eolian silt mantles), fire history, and biogeography (origins of island foxes, goats, and pygmy
mammoths). It is rare to find an individual with
such diverse interests and curiosity, as well as
an uncanny ability to see how all these various
natural phenomena interrelate. Best of all, Don
had a great sense of humor and never took
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himself so seriously that he couldn’t see the
lighter side of things. Don was always encouraging to his friends, colleagues, and students,
and his work will be a source of inspiration for
Channel Islands researchers for many years to
come.
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DIURNAL AND SEMIDIURNAL INTERNAL WAVES NEAR
TWO HARBORS, SANTA CATALINA, CALIFORNIA
Craig Gelpi1
ABSTRACT.—Internal waves at both diurnal and semidiurnal frequencies are common on island slopes in the Southern California Bight (SCB). Amplitudes in both regimes are similar, although the phenomenology at the 2 frequencies is
expected to be different since the bight is north of the critical latitude (30°), making diurnal modulations evanescent
though semidiurnal waves can propagate. Understanding the driving forces for the internal waves may provide insight
into vertical mixing in the bight. We used long-duration time series of ocean temperatures measured near the Wrigley
Institute for Environmental Studies (WIES), Santa Catalina Island, to study highly resolved spectra and seasonal characteristics of internal waves. These characteristics were analyzed using available, sometimes nonconcurrent, ancillary
data sets that include local tide and wind measurements. We conclude that the semidiurnal waves are driven by tides,
whereas the diurnal waves are due to meteorological forcing.
RESUMEN.—Las olas internas en frecuencias diurnas y semidiurnas son comunes en las pendientes de las islas de la
Bahía Southern California Bight (SCB). Las amplitudes de ambas frecuencias son similares, sin embargo se estima que la
fenomenología en ambos casos debe ser diferente, debido a que la bahía se encuentra al norte de la latitud crítica (30°),
lo cual determina que las modulaciones diurnas sean evanescentes y las olas semidiurnas se puedan propagar. El conocer cuáles son las fuerzas impulsoras de las olas internas ayudará a comprender la mezcla vertical que se produce en la
bahía. Las series de tiempo prolongado de las temperaturas oceánicas que se miden cerca del Wrigley Institute of Environmental Studies (WIES), Isla Santa Catalina, se utilizan para estudiar los espectros de alta resolución y las características estacionales de las olas internas. Dichas características se analizan utilizando conjuntos de datos auxiliares, a veces
no concurrentes, incluyendo las mediciones locales del viento y la marea. La conclusión es que las mareas impulsan las
olas semidiurnas y que las olas diurnas se producen debido al forzamiento meteorológico.

adjacent California Current. In the bight, vertical mixing is characterized by a vertical eddy
diffusion coefficient of ~1 cm2 ⋅ s–1; outside
the bight in the California Current, diffusion
is too rapid to measure with their techniques
(i.e., the upper layers are well mixed). Understanding the physics that produces this value
for the diffusion coefficient will provide insight
into the water and nutrient flows of the bight.
It may also help us discern mixing in the abyss,
which has been inferred to have a similar value
(e.g., Munk and Wunsch 1998).
Understanding island internal waves may
provide insight into whether the forcing is a
top-down mechanism (energy input at the surface that diffuses to depth) or a bottom-up one
(energy input at depth that diffuses upward).
Examples of the former are wind and surface
waves that can mix the surface layers; an example of the latter are tidal interactions with
seabed topography that may create mixing at
the bottom. Each mechanism has ramifications to nutrient diffusion against the vertical

Oscillations in the water column, or internal waves, are common on island slopes in the
Southern California Bight (SCB) in both diurnal and semidiurnal frequency bands. Gelpi and
Norris (2005) found internal waves to be ubiquitous in a survey of temperature data taken
around Santa Catalina Island and in similar,
though informal, analyses of temperature data
provided by the Channel Islands National Park.
The large specific heat capacity of water implies
that large changes in temperature are due to
advection of temperature gradients rather than
local heating or cooling. Hence, temperature is
a good tracer of water movements when these
gradients exist, and rapid oscillations in temperature often signify internal waves.
Internal waves may have a significant impact
on water mixing, and understanding this impact
bears on many problems in physical and biological oceanography, as well as in island marine ecology. Gelpi and Norris (2008) demonstrated that vertical mixing in the upper 30 m
in the inner SCB is much less than that in the

1Catalina Marine Society, 15954 Leadwell St., Lake Balboa, CA 91406. E-mail: craig@catalinamarinesociety.org

21

22

MONOGRAPHS OF THE WESTERN NORTH AMERICAN NATURALIST

nutrient gradient. Each may also elucidate the
contribution of topography to a possible island
mass effect: that is, the increased productivity
produced by the presence of the island.
Finally, understanding internal oscillations
at diurnal and semidiurnal frequencies should
prove useful for interpreting biologically relevant oscillations found in ocean chemistry measurements. Recently Frieder et al. (2012) reported dissolved oxygen and pH measurements
from a kelp forest off La Jolla, California. They
found that at 7 m the diurnal variation of these
parameters was larger than the semidiurnal
variation, though the simultaneously measured
temperature and pressure exhibited larger semidiurnal changes than diurnal ones. These differences may indicate different driving mechanisms or complicated gradients that must be
interpreted within the context of the physical
oceanography. Dissolved oxygen and pH are
now being measured at the same site where
the temperature data reported in this paper
were taken, and the results obtained will be
used in interpreting modulations found in these
quantities.
There have been many studies of internal
waves in the SCB and in the adjacent California Current (Price et al. 1986, Rosenfeld 1988,
1990, Lerczak et al. 2001, 2003, Pidgeon and
Winant 2005, Beckenbach and Terrill 2008,
Noble et al. 2009, Nam and Send 2011, 2013).
Both diurnal and semidiurnal waves have
been observed even though the phenomenology at the 2 frequencies is expected to be different because the bight is north of the critical latitude for diurnal waves (30°). The critical
latitude (Lerczak et al. 2001) is where the inertial frequency (Apel 1987) is equal to the
diurnal frequency (1/24 h–1 or 0.04167 h–1).
For locations poleward of the critical latitude,
diurnal modulations are damped by inertial
responses, though semidiurnal waves can propagate. The inertial frequency for the latitude
of the study area is 0.04606 h–1.
Several explanations and models have been
suggested to account for diurnal temperature
modulations poleward of the critical latitude.
These include currents modifying the effective
inertial frequency (Lerczak et al. 2001), barotropic tides driving nonlinear or localized
behavior (Beckenbach and Terrill 2008, Pidgeon and Winant 2005), meteorological heating and mixing (Price et al. 1986), and diurnal
sea breezes pooling warm surface water
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against the coast, as described by Kaplan et al.
(2003).
Our goal is to understand the upper-ocean
internal-wave modulations at Santa Catalina Island in order to ascertain the contribution of the
modulations to vertical mixing in the Southern California Bight. This study differs from the
others mentioned above in that the measurements are made near the island and its associated topographical and meteorological effects.
METHODS
Data Sets
Water-temperature data were collected by
the Catalina Conservancy Divers (CCD) at
its WIES site (Wrigley Institute for Environmental Studies, 33.45° N, 118.48° W) and a
nearby National Oceanic and Atmospheric
Administration (NOAA) buoy (46025, 33.75° N,
119.08° W). Mean-sea-level (MSL) data were
collected from Los Angeles Outer Harbor Station (9410660, 33.72° N, 118.27° W). All sites
were sampled hourly during the year 2000.
WIES is located on the leeward side, near the
island isthmus (Fig. 1), where there is a nearsea-level pass from the windward side (Catalina
Harbor) to the leeward side (Two Harbors).
Elsewhere, the 2 sides are separated by mountains approximately 300 m in height. Data collected at WIES for this study were measurements made on the bottom at 4 depths: 4.6 m,
9.1 m, 18.3 m, and 30.5 m. The local and island shelf slope where these instruments were
sited are both ~10°. The NOAA buoy recorded
near-surface temperature at 0.5 m depth. (for
greater detail on these data, see Gelpi and
Norris [2008] and references therein). The year
2000 was chosen because few dropouts occurred in the CCD data during this interval
among the 4 depths at WIES. Data gaps were
filled with values interpolated from the nearest
good samples. There were approximately 10
such repairs, each consisting of one or 2 missing measurements.
In addition to the data described above, we
employed meteorological data provided by a
weather station (sampled every 0.5 h) at WIES
during the years 2006–2009 and by the NOAA
buoy for the years 2000 and 2006–2009. The
weather station was located within a few hundred meters of the thermographs. The data sets,
their locations, data types, intervals of operation,
and sampling are listed in Table 1. The locations
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Fig. 1. Map showing data collection sites and bathymetry of the Southern California Bight.
TABLE 1. Data sets used to analyze internal waves near Two Harbors, Santa Catalina, California.
Organization/location

Instrument/Data

Time interval

Depth (m)

NOAA Buoy 46025
33.75° N, 119.27° W

Wind

Year 2000, 2006–2009

Surface

Hourly

NOAA Buoy 46025
33.75° N, 119.27° W

Ocean temperature

Year 2000

0.5

Hourly

CCD
33.45° N, 118.48° W

Ocean temperature

01 Jan 2000:
31 Dec 2000

4.6, 9.1, 18.3, 30.5

Hourly

NOAA LA Station 9410660
33.72° N, 118.27° W

Water level

01 Jan 2000:
31 Dec 2000

—

Hourly

WIES
33.45° N, 118.48° W

Wind

2006–2009

—

0.5 hour

are shown also on the map in Fig. 1. The distances from WIES to the NOAA buoy and tide
station are 65 km and 36 km, respectively. These
ocean surface and tide measurements were the
nearest available to the WIES study site.
Time Series Analysis
The time series of each data set was analyzed
using both spectral and temporal methods.

Sampling

Frequency decomposition via Fourier transform was performed to separate the effects of
various driving mechanisms, such as lunar tides
and meteorological effects, that operate at different frequencies. Data variance in small, discrete frequency bands (i.e., power spectral
densities) were computed using conventional
Fourier techniques as follows: the mean value
of the time series was subtracted, the transform
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with the insolation period of 24 h, and power
is displayed in decibels: that is, the base 10
logarithm of the power multiplied by 10.
Spectral density was computed at 2 resolutions: high frequency resolution (0.000114 h–1),
achieved using the entire 8760-h series; and
lower resolution (0.001389 h–1), obtained using
720-h snippets. The power spectral densities
computed from the snippets were concatenated
to form spectrograms (i.e., power spectral density as a function of time of year). The latter
analysis is designed to investigate the seasonal
dependence of the power spectral density.
Phase was computed as a function of frequency
and time of year. Error bars to the phase value
were computed using the coherence (Bendat
and Piersol 1986) between the sinusoid and
the corresponding power spectral density after
smoothing by 3 bins.
Temporal analysis consisted of inspecting the
average intraday modulation. This modulation
was computed by subtracting the mean value
for each 24-h interval and averaging the dayhour values over 90 days. The intraday modulation was computed for the winter and summer seasons. The advantage of examining the
data using this technique is that diurnal, nonsinusoidal features are readily apparent, whereas
a frequency analysis divides the features among
its natural frequency and its harmonics. Temporal analysis is effective for understanding
nonsinusoidal forcing mechanisms. Although
similar analyses have been performed by Beckenbach and Terrill (2008) and Nam and Send
(2011) with respect to the phase of diurnal surface tides, the analysis in this paper concerns
the solar day.
RESULTS
High-Resolution Spectral Analysis

Fig. 2. Time series of WIES temperature data for each
depth: 4.6 m, 9.1 m, 18.3 m, and 30.5 m.

computed and squared then scaled so the integral over frequency of the density estimates
equals the variance of the original series. The
series was not tapered so as to maintain the
highest spectral resolution. Frequency units are
kept in inverse hours to facilitate comparison

The temperature time series obtained from
all the CCD thermographs at WIES for the
year 2000 are plotted in Fig. 2. The time series
indicate the typical seasonal response of upperocean temperate seas, with a 7 °C warming
from winter to late summer. There are also substantial modulations, particularly at depth where
the modulation amplitude is as large as 6 °C.
Modulations are the result of surface water
being transported to depth, as has been reported in Gelpi and Norris (2005). Note that
the near-surface thermograph measured the
least high-frequency modulation (>1/24 h–1).
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Fig. 3. High-resolution power spectral density for 4.6-m and 18.3-m depth data.

Figure 3 shows the power spectral densities
obtained for the 4.6-m and 18.3-m data: the
latter exhibiting a pattern similar to the 9.1-m
and 30.5-m data. The spectra indicate substantial power in both the diurnal (~1/24 h–1) and
semidiurnal (~1/12 h–1) bands. The peak
power spectral densities computed from the
18.3-m depth data are larger than those obtained from the 4.6-m depth data. At 18.3-m
depth, the largest power peak is in the semidiurnal regime; whereas, at 4.6 m, the largest
peak is in the diurnal regime. Both the 9.1-m
and 30.5-m data (not shown) have spectral
densities similar in values to the 18.3-m data

and also have semidiurnal power greater than
the diurnal power.
To investigate whether surface tides drive
the internal tides, we compared peak frequencies in the power spectral density of the MSL
found in Los Angeles Harbor and the 18.3-m
WIES thermograph data (Fig. 4). To facilitate
frequency comparisons, the power spectral
densities are normalized by the highest power
peak within the combined diurnal and semidiurnal bands. The frequency of the normalizing
peak differed between the temperature and
MSL spectra. An expanded view of the diurnal
spectral regime is shown in Fig. 4A, where 3
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tidal. Lower-magnitude tidal peaks are not expected to be found in the temperature record
if their effects scale with MSL power (e.g., the
N2 peak would be below the temperature power
spectral background, approximately –12 dB on
the relative scale).
Seasonal Spectra

Fig. 4. Normalized 18.3-m and MSL spectra: A, diurnal
regime; B, semidiurnal regime.

tidal frequencies are found in the MSL spectrum: the principle lunar (O1) at 0.03873 h–1,
the principle solar (P1) at 0.04155 h–1, and the
lunisolar (K1) at 0.04178 h–1. All these power
peaks extend many dB above the MSL noise
level, which is substantially below the range
plotted. The 2 lunar-related tides K1 and O1
have the largest power in MSL. In contrast,
the diurnal temperature spectrum exhibits one
peak above the background, which is exactly
at 0.04167 h–1 or 1/24 h–1, the insolation frequency which lies between the P1 and K1 tidal
peaks. The peak is unambiguous, being ~10
dB above the background. No temperature
power is evident at the O1 frequency.
The semidiurnal regime is shown in Fig.
4B, and 4 peaks in the MSL spectrum are evident: lunar elliptic (N2), 0.07900 h–1; principle
lunar (M2), 0.08051 h–1; principle solar (S2),
0.08333 h–1; and lunisolar (K2), 0.08356 h–1.
There are 2 complexes of peaks in the temperature spectrum centered at 0.08062 h–1 and at
0.08333 h–1, roughly corresponding to the M2
spectral peak (lunar tidal) and the S2 solar

The spectra in Figs. 3 and 4 are computed
at the highest resolution in order to measure
the spectral peaks precisely. However, seasonal
dynamics in the power spectra are lost when
all the data in the series are used in this manner. Seasonal dependence of the modulations
were investigated by computing the spectra
over shorter time intervals to create spectrograms. Spectrograms for the data gathered at
each depth are shown in Fig. 5. There are prominent diurnal and semidiurnal bands in each
panel, as well as harmonics of these frequencies.
The largest power values are observed during
the summer months. However, there is considerable difference between the 4.6-m data
and the data for greater depths. Also note that
the diurnal power is not large at the 9.1-m and
18.3-m depth data during the first 90 days
of the year but is present in the 4.6-m and
30.5-m depth data.
In addition to the power, the phase lag relative to the beginning of the year in GMT (local
midnight has a phase of 120° in this convention for the diurnal frequency) was computed
for the CCD and buoy temperature and MSL
data. The phases for the 1/24 h–1 bin are shown
in Fig. 6A. The error bars are determined from
the coherence and degrees of freedom. The
coherence was high, averaging, for example,
0.8 for the 30.5-m data. The temperature phases
are relatively constant throughout the year.
The buoy and 4.6-m WIES temperatures are
in phase during the winter, with an average
value near 0° which corresponds to 1600 local
time (LT). Temperatures at the 3 deeper depths
at WIES are in phase with a value of ~135°,
corresponding to a time of maximum temperature near local midnight.
The MSL phase varies monotonically because the large tidal component K1 (0.04178
h–1) is a discrete, narrowband feature that is
offset from the center of the 1/24 h–1 frequency bin, thereby advancing the phase by
the frequency offset (0.00011 h–1) multiplied
by the 720-h time increment between spectral
calculations (30°). The lack of much variation in
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Fig. 5. Spectrograms computed from WIES data. Units are dB relative to °C2-h. The diurnal and semidiurnal frequencies positions are marked.

the phase of the diurnal temperature throughout the year indicates that the power is either
uniformly spread over the spectral bin (contrary to the high-resolution measurements described above) or that it corresponds exactly to
a period of 24 h.
The absolute phase for the semidiurnal frequency bin (1/12 h–1) is plotted in Fig. 6B. The
MSL phase averages 139.8°, corresponding to
local times of 3.4 h before noon and midnight.
NOAA uses a value of 141.1° for tidal prediction of this component at this location (http://tide
sandcurrents.noaa.gov). The difference between
the published value and that obtained from
our analysis of the tide data falls within the
uncertainty of our phase measurement. Also,

the K2 component is within the semidiurnal
frequency bin, with an offset of 0.00023 h–1,
which produces a semiannual modulation to
the MSL phase. The 9.1-m, 18.3-m, and 30.5m temperatures are all roughly in phase and
vary between –30° and 150° in a systematic
fashion, though the K2 modulation is not evident as it is in the MSL data. The 9.1-m and
18.3-m data are considered to be temporally
aliased at day 75 and day 105, as that maintains continuity with the other values (the
phases of the 9.1-m and 18.3-m data are slightly
greater than 180° for these days, but they are
shown as negative values because the phase is
forced to lie between 180° and –180°). The
near-surface temperature phase at the buoy is
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Fig. 6. Phases for the spectrograms shown in Fig. 5: A, frequency bin 1/24 h–1 ; B, frequency bin 1/12 h–1.

nearly constant at –60° (1400 LT). The 4.6-m
temperature is in phase with the buoy temperature during winter and spring and in phase
with the data from the deeper instrumentation
for the rest of the year.
The wind forcing for the WIES and NOAA
locations were very similar. Figure 7 depicts
the spectrogram of the buoy’s westerly wind
for the year 2000. The power spectral densities for the east and north components (not
shown) indicate that the wind was narrowband
and originating predominantly from the west
at both locations. Wind at the WIES site is

certainly influenced by the presence of the island, which is oriented in a northwest–southeast
direction, and especially the isthmus, which is
oriented in a northeast–southwest direction.
The narrowband diurnal wind occurred all year.
Other interesting features include the larger
lower-frequency (<1/24 h–1) wind events found
during the winter when the marine temperature gradient collapses (Fig. 2).
Temporal Modulations
The spectrograms illustrate the Fourier decomposition of the signals as a function of time.
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Fig. 7. Spectrogram of buoy westerly wind for year 2000. Units are dB relative to (m/s)2-h. Diurnal (D) and semidiurnal
(S) frequency locations are marked.

Examining the average intraday modulation is
also useful because dynamic behavior may be
more closely identified with forcing mechanisms. The average intraday modulation of the
WIES and buoy temperature data for the first
90 days of the year (winter) are shown in Fig.
8A and for the middle 90 days (summer) in
Fig. 8B. These intervals are chosen to separate
the seasonal dependence of the modulations
found in the spectrograms of Fig. 5. During
the winter (Fig. 8A), the 4.6-m and buoy temperatures vary almost identically, reaching a
maximum at about 1500 LT with amplitude of
0.2 °C. This time of temperature maximum does
not agree exactly with the time computed from
the phase (1600 LT) given in Fig. 7 because
the intraday plot contains the sum of all harmonics. The 9.1-m and 18.3-m temperatures
have a very different daily behavior compared to
the 4.6-m temperature, changing little throughout the winter day. This behavior is consistent
with the small power spectral density values
found in Fig. 5 for these depths. Close examination does indicate a semidiurnal variation

consistent with diminished power found in the
winter for these depths. In contrast, the 30.5-m
temperature trace has maximums at midnight
and 0700 LT and a deep minimum at 1300 LT
that is approximately 0.6 °C below the nighttime
plateau. The 30.5-m minimum occurs near the
time of temperature maximum for the nearsurface and 4.6-m data, indicating upwelling at
depth as the near surface is heated. The average
temperature gradient for this time of year and
at this depth is –0.04° m–1 (Gelpi and Norris
2008), indicating that the isotherms were upwelled 15 m.
The variation becomes more complicated
during the summer (Fig. 8B). Here, the nearsurface buoy temperature has a larger modulation (~0.5 °C), and it occurs 2 h earlier than in
the winter data. The deeper thermograph data
(9.1 m, 18.3 m, and 30.5 m) clearly show the
semidiurnal behavior, with much larger amplitude than found in Fig. 8A. The 4.6-m summer
data are a mix of the characteristics of the nearsurface data and the deeper data, but overall
have much less modulation.

30

MONOGRAPHS OF THE WESTERN NORTH AMERICAN NATURALIST

Fig. 8. Average intraday temperature modulation for
WIES and buoy: A, winter; B, summer.

Although WIES and the buoy are located 65
km apart, the average intraday wind patterns
are remarkably similar between them. Figure 9
shows the average intraday variation measured
for 3 years (2006–2009) at the WIES weather
station and the NOAA buoy. The intraday modulation is strongest at WIES, reaching almost
9 m ⋅ s–1 out of the west at 1400 LT. This strong
wind speed in the afternoon is well known anecdotally among scuba divers at WIES (including
the author). The maximum wind at the buoy is
smaller, with the peak occurring at 1600 LT. The
north–south modulation is very small, with a
minimum–maximum difference of 2 m ⋅ s–1 and
peaking between 1200 and 1300 LT for both
sites. Thus the wind forcing is qualitatively the
same at the 2 locations, though it peaks earlier in
the day at WIES and is stronger there. Lerczak
et al. (2001) reported on wind patterns measured
at the Scripps Institution of Oceanography pier
(32.87° N, 117.26° W) during summer 1999. According to their measurements, the onshore
westerly wind peaked at 1440 LT, with a value
of 1.7 m ⋅ s–1 (i.e., it had similar phase though
much less velocity than the values applicable
to WIES).
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Fig. 9. Average intraday wind modulation for years
2006–2009: A, westerly wind; B, southerly wind.

SUMMARY OF RESULTS
Temperature modulations are found at the
surface and all depths in both the diurnal and
semidiurnal regimes and exhibit a complex phenomenology. The 2 frequency regimes differ in
seasonal response, signal bandwidth, and correspondence to the barotropic tide, with the
diurnal band having a narrow bandwidth at the
insolation frequency and the semidiurnal band
being broad with some power peaks at tidal
frequencies. The 4.6-m data exhibit semidiurnal power predominantly during the summer
months and diurnal power all year. The 18.3-m
data show significant power all year in the semidiurnal band; but in the diurnal band, power
is greatly diminished around March, day 60.
The diurnal variations of the near-surface and
4.6-m temperatures are in phase and exhibit a
maximum value at 1600 LT. The diurnal variations at the deeper thermographs are in phase
with each other and have a temperature maximum at about local midnight. The semidiurnal
surface temperature peaks between 0300 and
0400 LT and again between 1500 and 1600 LT.
The semidiurnal phase at 4.6 m alternates
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TABLE 2. Internal wave phenomenology, forcing, and rationale.

SHALLOW, <5 M

DEEP, >5 M

Winter
______________________________________
Diurnal
Semidiurnal

Summer
______________________________________
Diurnal
Semidiurnal

Solar heating and
wind mixing

Solar heating and
wind mixing

Solar heating and
wind mixing

In-phase relationship
with near-surface
buoy temperatures
and insolation

Harmonic of diurnal
waves

In-phase relationship
with near-surface
and insolation

Wind-driven upwelling at 30.5 m Upwelling and solar
heating cancellation at intermediate depths

Conventional buoyancy oscillations
forced by tides

Wind-driven upwelling

Correspondence
with diurnal wind
and anti-correlated
with insolation at
30.5 m

Frequency corresponding to lunar
tide

Correspondence
with diurnal wind
and same absolute
phase as found in
winter

between the surface temperature phase (summer) and those found at depth (winter). The
wind is a narrowband frequency phenomenon;
and at WIES, peaks at about 1400 LT. Although
concurrent wind measurements and ocean
temperature measurements are not available,
by using the buoy wind measurements as a
proxy for the island measurements, one finds
westerly narrowband wind existed throughout
the year 2000. The significance of narrow bandwidth is that it allows correlation with related
phenomena.
DISCUSSION
In this section, the phenomenology described
above are organized and assigned probable
physical driving mechanisms. They are placed
in context and contrasted with results from
other similar studies performed on the nearby
mainland. Finally, the significance of the results
is discussed.
The analysis results above are divided into
regimes of frequency, depth, and season. The
frequency regimes are diurnal and semidiurnal. A depth of 5 m is used as the dividing
point between near-surface (including the buoy
temperature and 4.6-m thermograph data) and
deeper thermograph data. Seasons are winter
and summer, corresponding to relatively small
and large stratification, respectively. The apparent forces can be divided into meteorological

Conventional buoyancy oscillations
forced by tides
Frequency corresponding to lunar
tide and in-phase
relationship with
deeper waves
Conventional buoyancy oscillations
forced by tides

Frequency corresponding to lunar
tide

and astronomical, with the former including
direct solar heating and wind, whereas the latter is tidal. The significant forces for each regime are described below and are also organized into Table 2.
The deeper semidiurnal temperature response appears to be a tidally driven internal
wave of large seasonal amplitude (with a displacement sometimes nearly equal to the depth
of the water column). This measure is supported by the presence of lunar tidal frequencies in the response and the diminishing seasonal response when the temperature gradient
is smallest, implying that these waves are vertical advections of the temperature gradient.
Observations of these waves are common (e.g.,
Baines 1986), and perhaps the amplitudes are
enhanced by the seabed gradient, which is
about 10° both locally and out to the island
shelf (Fig. 1). These waves are not damped, as
the semidiurnal frequency is above the inertial
frequency.
The summer shallow semidiurnal fluctuations, at 4.6 m, appear to be a combination of
solar heating and internal waves. The mixedlayer depth (i.e., the upper layer of small temperature gradient) may shoal during the summer as indicated by the temperature model for
the inner SBC developed by Gelpi and Norris
(2008). This situation would be conducive to
internal wave activity being evident near the
surface. Internal wave activity is supported by
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the 4.6-m temperature data, which exhibited
semidiurnal fluctuations with the same phase as
the deeper thermograph data. These fluctuations are not expected at the buoy because
internal wave amplitudes decrease to zero at
the surface and the buoy is not adjacent to topography conducive to generating these waves.
The summer and winter portions (1000 h each)
of the year 2000 data set studied here were
included in the Gelpi and Norris (2005) study,
and the results presented here are consistent
with the other 2 data sets taken during the summers and winters of 1998 and 1999. All of these
data sets exhibit dichotomy in phase relationships as a function of depth and season (i.e., the
semidiurnal modulation found at 4.6 m is in
phase with the modulations at deeper depths
during the summer and out of phase with them
during the winter).
The winter shallow diurnal fluctuations are
consistent with solar heating of the surface and
simultaneous wind mixing to 5 m. This effect
has been previously studied (Price et al. 1986)
and is evidenced here by the near-surface buoy
and 4.6-m thermograph temperature modulations being almost identical and having the
same phase during most of the year. The semidiurnal shallow fluctuations are also narrowband and are probably the result of harmonic
distortion, as the mean daily fluctuation is not
a sinusoid (Fig. 8).
Finally, the winter deep fluctuations have
additional depth dependence in that there is
little modulation at 9.1 m and 18.3 m, but a
signal at 30.5 m. Interestingly, the deep-depth
signal is out of phase with both the shallowdepth signal, the wind, and the insolation. This
difference in phase suggests that the at-depth
signal may be the result of upwelling produced
by the wind. The diurnal wind has approximately the correct phase to transport surface
water away from the island and to produce
local upwelling as measured. This effect is similar to that described by Kaplan et al. (2003),
the difference being that the diurnal breeze
blows away from the shore at the WIES site
and flows toward the shore at the site of the
Kaplan et al. study. The effects of solar heating
dominate near the surface but appear to be
approximately balanced with upwelling at intermediate depths so that temperature signals are
small at 9.1 m and 18.3 m. Another possible
explanation for the small signal at intermediate
depths is that collapse of stratification during
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the winter has reduced the average seasonal
temperature gradient there. Countering this
seasonal trend is the simultaneous surface heating and upwelling and cooling at 30-m depth
that adds a temperature gradient of –0.03° m–1
in the afternoon. Thus, competing effects are
balanced at the intermediate depths.
Recent analyses of the diurnal internal tide
found on the continental shelf off Huntington
Beach northeast of the WIES study were conducted by Nam and Send (2011, 2013). At this
location, diurnal wind is also present and is
similar to, though less than, the wind at the
WIES site. Additionally, the wind blows inshore
at this location, whereas it blows offshore at
WIES. However, the submarine topography is
very different, with a slope of approximately
0.5° (much smaller than that at WIES). Diurnal modulations off Huntington Beach (Nam
and Send 2011) appear to be phase locked
with the barotropic or surface tide, rather
than with diurnal meteorological drivers. Deep
(cooler) water was found to intrude into the
surf zone and then dissipate as the tide ebbed.
This behavior was not noticed at WIES.
In subsequent work in the same area (Nam
and Send 2013), diurnal oscillations driven by
a sea/land breeze were reported. This report is
partially consistent with our observations of
water at depth (20 m) flowing opposite the
breeze. Nam and Send attribute the diurnal
oscillations to a resonant phenomenon where
subinertial current shears can lower the effective inertial frequency to below the diurnal
frequency (Lerczak et al. 2001). This mechanism does not appear to be present at WIES.
Although current shear measurements are not
available to confirm the model, diurnal modulations at depth occur throughout the year.
However, the large-scale currents that would
produce the shear are known to change with
the season (Hickey 1993). Also, the phenomenon is not seen at intermediate depths—a fact
not explained by shifts in the effective inertial
frequency.
The diurnal upwelling found in the 30-m
WIES data attributed to the diurnal wind is in
contrast to the island’s sheltering effects studied
by Caldeira and Marchesiello (2002). They noted
that the wind shadowing produced warmer
sea surfaces which probably resulted in less
mixing and nutrient availability. In contrast,
the WIES site is not sheltered from the prevailing winds due to the near-sea-level pass
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connecting Catalina Harbor and Two Harbors.
Indeed, the pass may amplify the wind and subject the local area to higher winds than are found
elsewhere, as noted above. The result is upwelling found in the deeper-depth temperature
data and its implied transport of nutrients to
shallower depths. This effect is probably local
to WIES due to the vicinity of the pass.
CONCLUSION
Internal waves deduced from temperature
data measured near Two Harbors, Santa Catalina
Island, exhibited a complex behavior that includes variation at both diurnal and semidiurnal frequencies and a pronounced seasonal and
depth dependence. During the winter, diurnal
variations in surface and at-depth temperature
were out of phase. Diurnal variations were
driven by insolation near the surface (5 m) and
by upwelling at 30-m depth—the latter probably produced by the diurnal wind directed offshore and lifting the isotherms by 15 m. Hence,
both effects are driven by meteorological forces.
During the winter, these effects appear to be
approximately balanced at intermediate depths
so that temperature signals are small at 9.1 m
and 18.3 m.
During the summer, coherent water-column
semidiurnal variations dominate, including near
the surface, indicating that stratification was
significant throughout the column. This stratification supported large amplitude waves that
appear to be typical internal waves occurring
over steep topography and driven by semidiurnal tides. Amplitudes were occasionally large
enough to transport near-surface water to depth.
Hence, there is significant vertical movement
in the upper 30 m of the water column near
WIES throughout the year.
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EVIDENCE OF REPEATED WILDFIRES PRIOR TO HUMAN
OCCUPATION ON SAN NICOLAS ISLAND, CALIFORNIA
Jeffrey S. Pigati1,3, John P. McGeehin2, Gary L. Skipp1, and Daniel R. Muhs1
ABSTRACT.—Understanding how early humans on the California Channel Islands might have changed local fire
regimes requires a baseline knowledge of the frequency of natural wildfires on the islands prior to human occupation. A
sedimentary sequence that was recently discovered in a small canyon on San Nicolas Island contains evidence of at least
24 burn events that date to between ~37 and 25 ka (thousands of calibrated 14C years before present), well before
humans entered North America. The evidence includes abundant macroscopic charcoal, blackened sediments, and discrete packages of oxidized, reddish-brown sediments that are similar in appearance to sedimentary features called “fire
areas” on Santa Rosa Island and elsewhere. Massive fine-grained sediments that contain the burn evidence are interpreted as sheetwash deposits and are interbedded with coarse-grained, clast-supported alluvial sediments and matrixsupported sands, pebbles, and cobbles that represent localized debris flows. These sedimentary sequences suggest that
the catchment area above our study site underwent multiple cycles of relative quiescence that were interrupted by fire
and followed by slope instability and mass wasting events. Our 14C-based chronology dates these cycles to well before
the arrival of humans on the Channel Islands and shows that natural wildfires occurred here, at a minimum, every
300–500 years prior to human occupation.
RESUMEN.—Entender cómo los primeros habitantes humanos de las Islas del Canal de California podrían haber
cambiado los regímenes de incendios locales, requiere de un conocimiento básico de la frecuencia de incendios forestales naturales en las islas antes de la ocupación humana. Una secuencia de sedimentación que se descubrió recientemente en el pequeño cañón de la Isla de San Nicolás contiene pruebas de al menos 24 incendios que datan de entre
~37 y 25 ka (miles de calibrados 14C años antes del presente), mucho antes de que los humanos llegaran a
Norteamérica. Las pruebas incluyen abundantes carbones macroscópicos, sedimentos carbonizados y paquetes discretos
de sedimentos oxidados de color rojo-marrón que se parecen a los rasgos sedimentarios llamados “áreas de incendio” de
la Isla Santa Rosa y otros lugares. Enormes sedimentos de grano fino que contienen pruebas de incendios se interpretan
como depósitos de erosión laminar, y están intercaladas con sedimentos aluviales, apoyados por clastos de grano grueso
y con arenas, guijarros y rocas soportados por la matriz, que representan corrientes de sedimentos localizados. Estas
secuencias sedimentarias sugieren que el área de captación del sitio de estudio sufrió múltiples ciclos de relativa inactividad interrumpidos por el fuego y seguidos por inestabilidad de la ladera y eventos de remoción en masa. Nuestra
cronología basada en 14C, sitúa con certeza estos ciclos mucho antes de la llegada de humanos a las Islas del Canal, y
demuestra que ocurrieron incendios forestales naturales, como mínimo, cada 300–500 años antes de la ocupación
humana.

Erlandson et al. 2012, Rick et al. 2012). However, assessing the role that humans have had
in the fire history of the islands is made difficult by the fact that both natural (lightninginduced) and anthropogenic fires leave behind
similar evidence in the geologic record, especially during times when human populations
are relatively low.
On mainland North America, humans have
used fire since at least the late Pleistocene to
clear land for cultivation, remove underbrush,
drive or trap game, and alter plant communities (Greenlee and Langenheim 1990, Keeley
2002, Bowman et al. 2009). Evidence for such
activities goes back even further in time in

Sedimentary charcoal is relatively common
in the Quaternary record on the California
Channel Islands. Previous researchers have
found charcoal in paleosols, eolian and alluvial
sequences, and sediment cores dating to the
late Pleistocene and Holocene on Santa Rosa,
San Miguel, and Santa Cruz islands, among
others (Orr 1968, Johnson 1977, Cole and Liu
1994, Anderson et al. 2009, Pinter et al. 2011b,
Scott et al. 2011). For decades, researchers
have been interested in understanding fire
regimes on the Channel Islands and the role
early humans might have had in using fire to
transform the island landscapes (Orr 1968,
Kennett et al. 2008, Pinter et al. 2011a,

1U.S. Geological Survey, Denver Federal Center, Box 25046, MS-980, Denver, CO 80225.
2U.S. Geological Survey, 12201 Sunrise Valley Drive, MS-926A, Reston, VA 20192.
3E-mail: jpigati@usgs.gov
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Fig. 1. Reference maps: a, location of San Nicolas Island (denoted by red box), off the coast of California; b, topography
of San Nicolas Island (the catchment area for Chukar Canyon includes a portion of the >250-m area near the center of
the island); c, site location and local topography for the Chukar Canyon section.

Africa, Europe, Asia, and Australia, where evidence of fire in the geologic record often coincides with the onset of human occupation
(Brown et al. 2009, Mooney et al. 2011, Roebroeks and Villa 2011, Archibald et al. 2012,
Berna et al. 2012). Thus, in ecosystems that
are susceptible to burning but where ignition
sources are limited (such as a low-relief island
in a Mediterranean climate), the arrival of humans could potentially create a significant
change in the local fire regime.
Today, low-lying areas in coastal southern
California have one of the lowest lightninginduced fire frequencies in North America due
to a general lack of convective storms in the
summer and high fuel-moisture content in
the winter (Junak et al. 1995, Keeley 2002).
In San Diego County, for example, the Bureau
of Land Management’s Automated Lightning
Detection System has recorded, on average,
only one lightning strike per square kilometer

per decade in areas below ~200-m elevation,
with only 2%–5% of those strikes resulting
in wildfires (Minnich et al. 1993, Wells and
McKinsey 1995). In the recent geologic past,
particularly during the late Pleistocene, cooler
temperatures and increased moisture would
have limited the number of natural fires even
more (Heusser 1995, Daniau et al. 2012).
Therefore, California’s coastal region and the
Channel Islands may have been especially
sensitive to the introduction of a novel ignition
source when humans first arrived. Physical and
chronologic evidence from Arlington Canyon
on Santa Rosa Island shows that humans have
been present on the islands since at least 13 ka
(thousands of calibrated 14C years before present; Orr 1968, Johnson et al. 2002, Stafford et
al. 2008). Thus, to determine the frequency
of natural wildfires on the islands, we must
examine evidence of fire in sediments that date
to before this time period (Bowman et al. 2011).
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Charcoal from the Channel Islands has
been recovered from Holocene-age sediment
in cores taken on Santa Rosa Island (Cole and
Liu 1994, Anderson et al. 2009), and isolated
fragments of charcoal dating to the late Pleistocene have been reported from Santa Rosa
Island (Orr 1968, Pinter et al. 2011b, Scott et
al. 2011) and San Miguel Island (Johnson
1977). Farther afield, charcoal has been recovered from core ODP 893 in the Santa Barbara
Basin, although this finding probably reflects
burn events on the California mainland more
than the islands themselves (Heusser and
Sirocko 1997). Thus far, there have not been
any published reports of a continuous sequence of late Pleistocene sediments anywhere on California Channel Islands that
contains charcoal, spans several centuries or
millennia and dates to >13 ka.
In this study, we describe a sedimentary
sequence that was recently discovered in a
small canyon on the north side of San Nicolas
Island. The sequence contains abundant charcoal, spans several millennia, and dates to well
before the arrival of humans. It also contains
several discrete packages of discolored sediments that are consistent with fire areas that
have been documented on Santa Rosa Island,
San Miguel Island, Santa Cruz Island, and, to
a lesser extent, mainland California (Orr and
Berger 1966, Orr 1968). Combined, these features provide an unusual opportunity to quantify the frequency of natural wildfires on San
Nicolas Island and establish a baseline for
evaluating the impact of anthropogenic fires
during the early stages of human occupation
on the Channel Islands.
STUDY AREA
San Nicolas Island is a small (~58-km2),
remote island located approximately 100 km
from mainland California (Fig. 1a). As one of 8
islands that compose the California Channel
Islands, San Nicolas Island is separated from
Santa Barbara Island, its nearest neighbor, by
45 km of open ocean. Notably, San Nicolas
Island was not connected with the other islands or the mainland during the late Pleistocene, even when sea level was ~90 m lower
than modern during the Last Glacial Maximum
(Muhs et al. 2012). The island is relatively low
and flat (the maximum elevation is only 277 m
asl), and bedrock consists primarily of Eocene
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marine sandstones and siltstones, with minor
amounts of interbedded conglomerate and
pebbly mudstone (Vedder and Norris 1963).
Numerous marine terraces are present between
the modern shoreline and the upper reaches
of the island, reflecting episodes of tectonic uplift that have occurred for at least the past half
million years (Muhs 1985, Muhs et al. 2012).
Deeply incised canyons drain the outer parts
of the island, including a canyon on the north
side that we refer to informally as “Chukar
Canyon” because of the large number of partridges (Alectoris chukar) that were present
during each of our site visits. The catchment
area of Chukar Canyon represents one of the
largest drainages on the island and includes a
portion of the island’s highest mesa-like region: a broad, nearly flat landscape dominated
by old marine terraces and located in the central part of the island (Fig. 1b). Vegetation in
the catchment area today consists largely of
coastal scrub, sparse grassland, and abundant
tickseed (Coreopsis; Junak et al. 1995).
Chukar Canyon is incised into Eocene bedrock approximately 1 km south of the site before it descends from the mesa’s edge, cutting
through alluvium and a 100-ka marine terrace
just above the study site (Muhs et al. 2012).
Adjacent to a U.S. Navy facility outbuilding,
resistant bedrock forces the drainage to turn
east/southeast at a sharp angle before redirecting northward and ultimately reaching the
Pacific Ocean (Fig. 1c). At this bend, a ~5-m
thick sedimentary sequence that contains
abundant macroscopic charcoal, blackened
sediments, and discrete packages of discolored
red and dark brown sediments is preserved
in the canyon walls (Fig. 2). After working in
Chukar Canyon, we surveyed every canyon of
significant size on San Nicolas Island (>35 in
all) but did not find either a similar package
of alluvial sediments or clear evidence of repeated fire events in any of the other canyons.
METHODS
In the field, we set up a 1 × 1-m grid over
sediments exposed in Chukar Canyon for description and sampling purposes. Some of the
sediments were covered or obviously slumped,
but most were well exposed and in their original depositional positions. We identified at
least 24 layers that we called “burn zones”
based on darkening or discoloration of the
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Fig. 2. Stratigraphy of the Chukar Canyon section. Ages in the yellow boxes are given in ka (thousands of calibrated
years before present). Burn zone numbers are shown in bold (marked BZ), and sample numbers are shown in italics.

14C

sediments along with macroscopic fragments
of charcoal associated with many of the discolored zones. Charcoal was picked from several
of the burn zones in the field and was submitted
to the U.S. Geological Survey’s radiocarbon

laboratory in Reston, Virginia, for radiocarbon
(14C) dating. There, charcoal samples were
subjected to the standard acid-base-acid
(ABA) treatment and were combusted to CO2
under vacuum in the presence of CuO and Ag.
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The resulting CO2 was split into 2 aliquots.
One aliquot was converted to graphite by
using an iron catalyst and the standard hydrogen reduction process and was submitted to
the Center for Accelerator Mass Spectrometry
at Lawrence Livermore National Laboratory
for AMS 14C analysis. The second aliquot was
submitted for δ13C analysis to correct the
measured 14C activity for isotopic fractionation. All 14C ages were calibrated using the
IntCal13 data set and CALIB 7.0 (Stuiver and
Reimer 1993, Reimer et al. 2013). Ages are
presented in thousands of calibrated 14C years
BP (Before Present; 0 yr BP = 1950 AD), and
uncertainties are given at the 95% (2σ) confidence level.
We also collected samples of sediment from
within and adjacent to the burn zones for clay
mineralogy to determine whether these zones
were related to fire events. If the sediments
sampled were heated by fire during burial, for
example, clays that are sensitive to high temperatures (e.g., smectite and kaolinite) would
be either absent or present in lower concentrations than in the adjacent, unheated host
sediment (Carroll 1970). In the laboratory,
clays (<2 mm) were separated by sedimentation, after removal of organic material and
carbonates with hydrogen peroxide and 10%
HCl, respectively. At least 2 aliquots of each
clay sample were then analyzed by X-ray diffraction (XRD) at the U.S. Geological Survey in
Denver, Colorado. One aliquot was analyzed
successively (1) in an air-dry state, (2) after
glycolation, and (3) after heat treatment (550
°C for 1 h). A second aliquot was analyzed
after air drying and Mg saturation to determine whether vermiculite was present in any
of the samples—it was not. We followed Moore
and Reynolds (1989) for identification of clay
minerals.
In addition to identifying clay minerals
present in the Chukar Canyon sediments, the
XRD data were used to conduct a semiquantitative analysis of the clay mineralogy based on
a technique developed by H.D. Glass at the
Illinois State Geological Survey and later modified by Hallberg et al. (1978). The method
uses the difference between the counts per
second (CPS) on the X-ray diffractogram and a
logarithmic baseline curve. To reduce electronic noise effects and incorporate the maximum possible signal, we used a 5-point running mean on the diffractogram data, which
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corresponds to a 2q range of +
– 0.04°. The CPS
data of the glycolated aliquot were taken from
the expandable clay (smectite) peak (5.2°, 2q,
17 Å), the mica/illite peak (8.8°, 2q, 10 Å), and
the kaolinite-plus-chlorite peak (12.4°, 2q, 7.1
Å) and were calculated as follows:
E (expandables) = CPS at 5.2° 2q
I (mica/illite) = 3 × CPS at 8.8° 2q
K (kaolinite plus chlorite) = 2 × CPS at
12.4° 2q
T (total) = E + I + K
Two lines of evidence indicated that chlorite
was absent from the Chukar Canyon sediments:
(1) the 12.4° 2q peak collapsed after heating to
550 °C, and (2) we did not observe a significant peak at 18.7° 2q. Thus, we interpret the
12.4° 2q peak to represent only kaolinite in
the samples analyzed here.
Finally, clays recovered from 2 samples, BZ83 and BZ8-4, were selected for step-heating
experiments to determine the highest temperature the sediments were subjected to during
burial. We reasoned that if the smectite or
kaolinite peaks remained unchanged during a
particular temperature step, the sediments could
have been heated to that temperature at some
time in the past. Clay samples in these experiments were analyzed by XRD after they were
glycolated and heated successively at 100 °C
increments between 150 °C and 550 °C for 1 h
per step. Counts per second (CPS) were measured in 0.02° intervals at all temperature steps.
RESULTS
Observational Data
Fine-grained sediments in the Chukar Canyon sequence are composed predominantly of
massive yellowish brown (10YR 5/4 to 5/6) silt
and clay, with small amounts of subangular,
fine-to-medium sand. These units are, on
average, ~25–50 cm thick and contain abundant secondary carbonate and other salts filling small fractures and root voids that are
prevalent throughout the section. Secondary
carbonate is especially concentrated in the upper third of the exposed sediments. Based on
the presence of abundant root voids, the sorting and small grain size of the sediments, and
the local surface topography, we interpret the
fine-grained units to be sheetwash deposits
that formed in vegetated, low-energy systems.
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Interbedded with these fine-grained deposits are discrete units up to ~1 m thick that
are coarse grained and poorly sorted. Some of
the coarse units are clast supported, which
we interpret as high-energy alluvial deposits;
whereas others are matrix supported, which
we interpret as localized debris flows (Fig. 3).
In both types of deposits, the large clasts are
subangular to subrounded, range up to 3–5 cm
in diameter, and are composed of the local
Eocene sandstones and siltstones. Both are
present in clearly defined channels and exhibit sharp-to-clear contacts with the adjacent
fine-grained sediments.
The 24 burn zones that we identified in
Chukar Canyon were all contained within the
fine-grained facies described above. The zones
are lens-shaped or elongated and horizontal to
subhorizontal, and they range from ~20 cm to
nearly 5 m across. The burn zones exhibited
the same field texture and grain size as the
adjacent, unmodified sediments. Moreover, the
colors of the burn zones were dark reddish
brown (5YR3/3) to reddish brown (5YR4/4)
near their centers, and graded into lighter, less
oxidized colors toward their edges, then transitioned entirely into the yellowish-brown
(10YR5/6) host sediment. Combined, these
features suggest that the burn zones were
formed in situ rather than as a result of processes operating upstream followed by deposition at the site. Burn zone 8 (BZ8) was particularly unusual in that it exhibited a ~5-cm
thick lens of yellowish-red (5YR5/8) sediments
surrounded by dark-reddish brown (5YR3/3)
sediments (Fig. 3c), a combination that is
nearly identical in appearance to some of the
fire areas described on Santa Rosa Island first
by Orr (1968, his Fig. 26) and later by Rick et
al. (2012, their Fig. 3c).
Although we did not observe any discrete
layers or beds of charcoal, large (5–25-mm)
fragments of disseminated charcoal were common in the fine-grained facies (Fig. 4). Nearly
all of the charcoal was found in association
with burn zones, although a few of the large
pieces were found in unmodified host sediment. Notably, we did not observe any microscopic charcoal in the fine-grained sediment.
The reason for the presence of macroscopic

Fig. 3. Photographs of the Chukar Canyon sedimentary sequence: a, looking west (cliff face is ~8 m high); b, close-up
showing different sedimentary facies near the middle of the exposure (field of view is ~1 m high); c, extreme close-up of
burn zone BZ8 (~10 cm thick). See Fig. 2 for stratigraphic position. Note that the texture, sorting, and grain size of the
fine-grained sediments do not change across the color gradient, suggesting the discoloration occurred in situ.
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macroscopic
charcoal
Fig. 4. Photograph showing in situ macroscopic charcoal. Diameter of nail head shown is ~8 mm.

charcoal and absence of microscopic charcoal
is unclear but may be due to variable effects of
oxidation processes on different sizes of charcoal (large versus small; Cohen-Ofri et al.
2006, Ascough et al. 2010), differences in the
preservation potential of the various types of
burned vegetation (grass, bushes, trees; Scott
2010, Ascough et al. 2011), or other factors
beyond the scope of the current investigation.
14C

Analysis

Our calibrated 14C ages (n = 13) range
from 24.88 +
– 0.42 ka to 36.8 +
– 1.5 ka for
samples collected at depths of 0.5 and 4.5 m,
respectively, and largely maintain correct
stratigraphic order (Table 1; Fig. 2). The ages
are consistently older with depth even when
samples are closely spaced vertically, which
occurrence is remarkable considering the disproportionately large effect that small amounts
of contamination can have on the measured
14C activities in older samples (Bird et al.
1999, Pigati et al. 2007). As a check of internal

consistency, sample SNI1-17 was analyzed
twice (in May and September 2010) and
yielded ages that are statistically indistinguishable (24.88 +
– 0.42 ka and 25.07 +
– 0.59 ka).
Thus, we are confident that the ages presented here are robust and show little effects
of secondary contamination. The calibrated
ages show that the section at the base of
Chukar Canyon dates to the latter part of
marine isotope stage (MIS) 3 and that sedimentation continued into early MIS 2.
Clay Mineralogy
Smectite and kaolinite are known to be
sensitive to high temperatures (Carroll 1970)
and, therefore, can be used to evaluate whether
sediments have been subjected to fire events
during burial. Lower concentrations of these
clays in suspected burn zones than in the adjacent host sediment would support the hypothesis that the burn zones were indeed a product of fire. In contrast, if smectite and kaolinite concentrations within suspected burn

aCalibrated ages were calculated using CALIB v. 7.0., IntCal13.14C data set; limit 50.0 calendar ka BP. Calibrated ages are reported as the midpoint of the calibrated range. Uncertainties are calculated as the difference between the midpoint and
either the upper or lower limit of the calibrated age range, whichever is greater (reported at the 95% confidence level; 2σ).
bP = probability of the calibrated age falling within the reported range as calculated by CALIB.
c d13C value not measured.

24.88 +
– 0.42
25.07 +
– 0.59
29.10 +
– 0.38
31.15 +
– 0.22
31.19 +
– 0.40
30.36 +
– 0.59
31.01 +
– 0.37
31.94 +
– 0.77
32.80 +
– 0.97
32.98 +
– 0.94
31.85 +
– 0.73
34.78 +
– 0.87
36.8 +
– 1.5
20.67 +
– 0.14
20.85 +
– 0.23
25.05 +
– 0.16
27.19 +
– 0.16
27.24 +
– 0.30
26.21 +
– 0.26
26.95 +
– 0.29
27.93 +
– 0.33
28.86 +
– 0.37
29.03 +
– 0.37
27.84 +
– 0.32
30.79 +
– 0.47
32.55 +
– 0.58
2
2
4
5
7
11
12
13
14
15
18
21
21
SNI1-17
SNI1-17 (rerun)
SNI-14
SNI-81
SNI1-2
SNI1-9
SNI1-20
SNI1-5
SNI1-10
SNI1-8
SNI1-23
SNI1-21
SNI1-19

WW-7858
WW-8061
WW-8015
WW-8161
WW-7853
WW-7856
WW-7860
WW-7854
WW-7857
WW-7855
WW-7862
WW-7861
WW-7859

CAMS-147418
CAMS-149133
CAMS-148513
CAMS-149870
CAMS-147411
CAMS-147416
CAMS-147420
CAMS-147412
CAMS-147417
CAMS-147413
CAMS-147422
CAMS-147421
CAMS-147419

charcoal
charcoal
charcoal
charcoal
charcoal
charcoal
charcoal
charcoal
charcoal
charcoal
charcoal
charcoal
charcoal

–26.0
–25c
–23.0
–23.0
–22.0
–22.6
–22.9
–23.3
–22.7
–21.6
–22.3
–25.6
–24.6

Age (cal ka BP)a
age (14C ka BP)
14C

d 13C
(‰ vpdb)
Burn
zone
Material
dated
AMS #
Lab #
Sample #

TABLE 1. Summary of sample information, 14C ages, and calibrated ages.

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
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zones are identical to those in the host sediment, then other processes would have to be
considered.
At Chukar Canyon, smectite and kaolinite
abundances decrease across the profiles of
BZ8 and BZ5 such that the lowest concentrations are found in samples taken from within
the burn zones and the highest concentrations
are in samples collected in the adjacent host
sediment (Fig. 5). The kaolinite abundances
show the greatest decrease (~9%) in the yellowish red sediments at BZ8 (sample BZ8-3)
compared to the host sediments. The net decrease of smectite and kaolinite is also readily
apparent in the concomitant relative increase
in mica/illite abundances.
The step-heating results of samples BZ8-3
and BZ8-4 also show patterns that implicate
fire as the source of discoloration of the burn
zones (Fig. 6a, b). After glycolation and heating, the X-ray diffractogram for sample BZ8-3
shows a clear decrease in the 5.2° 2q smectite
peak after heating to only 150 °C (Fig. 6c),
whereas sample BZ8-4 shows a decrease in
the smectite peak after heating to 250 °C (Fig.
6d). The diffractogram patterns of both samples
show that the 12.4° 2q kaolinite peak re mained stable until the sediments were heated
to 450 °C (Fig. 6e, f ). Above this temperature,
the kaolinite peaks in both samples collapsed
entirely.
DISCUSSION
Clay Mineralogy of the Burn Zones
Most researchers initially accepted Orr’s
hypothesis that the discrete packages of discolored sediments he called fire areas were
related to burn events (e.g., Johnson et al.
1980, Wendorf 1982). This hypothsis was
eventually challenged by a group invoking a
groundwater process to explain the features
(Cushing et al. 1986, Cushing 1993). Although
the groundwater hypothesis does not appear
to have gained much support by researchers
working on the islands, it wasn’t until recently
that Rick et al. (2012) used multiple lines of
evidence, including clay mineralogy, to demonstrate that the fire areas were indeed the
result of fire and not groundwater processes.
The results of our study further support
this conclusion for several reasons. First, the
presence of abundant in situ charcoal is a clear
indicator of fire. Most of the discrete pieces of
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Fig. 5. Photographs and sample locations for 2 burn zones: a, BZ8; b, BZ5 (see Fig. 2 for stratigraphic positions). Relative percentages of smectite, kaolinite, and mica/illite for samples collected at 2 burn zones: c, BZ8; d, BZ5.

charcoal observed in the Chukar Canyon sediments were associated with features that we
would interpret as burn zones (based on the
discoloration of the sediment) even if charcoal
was not present. Second, we did not observe
any difference in grain size, sorting, or other
features that would suggest that groundwater
preferentially moved through the burn zones.
If these sediments exhibited a higher porosity
and permeability than adjacent sediments, for
example, then it might be conceivable that
groundwater flowed through and preferentially altered some sediments more than others.
This was not the case, however, as grain size
and porosity did not change across the features. Finally, the results of our step-heating
experiments show that the sediments have
been heated previously to at least 150–250 °C
(based on smectite peaks) and, more likely, to
as high as 350–450 °C (based on kaolinite
peaks). We favor the higher estimate because
the kaolinite peaks were clearer, more stable,
and therefore easier to interpret than the
smectite peaks at all temperatures (including
the unheated, air-dried aliquot). Moreover,

smectite is known to be physically smaller
than kaolinite, with a typical diameter of 0.01
mm (10 times smaller than kaolinite), and is
therefore potentially more physically mobile
in the natural environment (Grim 1962, Gibbs
1965). It is possible to envision a scenario in
which sediments were heated originally to
350–450 °C during a burn event and buried
shortly thereafter, and then some amount of
younger (nonheated) smectite was transported
from above by pedogenic eluviation/illuviation
processes, essentially acting as a contaminant.
Regardless, the burn zones at Chukar Canyon
are similar in appearance to fire areas on Santa
Rosa Island. The burn zone and the physical
and mineralogical evidence presented here
support the conclusion that these areas were
indeed the result of heating or burning rather
than groundwater processes.
Frequency of Natural Wildfires
on San Nicolas Island
The oldest documented evidence of human
occupation on San Nicolas Island is ~8.5 ka
(Schwartz and Martz 1992), although evidence
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Fig. 6. X-ray diffractograms for samples BZ8-3 (a, c, e) and BZ8-4 (b, d, f ), including the full spectrum from 3° to 15°
(a, b), the smectite peak centered at 5.2° (c, d), and the kaolinite peak centered at 12.4° (e, f ). See Fig. 5 for specific sample locations. Legends shown in the top panels are the same for all panels. The thin black line denotes raw data taken at
0.02° increments. All other lines represent running 5-point mean averages, which correspond to a 2q uncertainty of
0.04°. Note the clear decrease in the kaolinite peaks (e, f ) for both samples when heated to 450 °C, which suggests that
the sediments had been heated previously to 350–450 °C.

from Santa Rosa Island suggests that humans were present on the northern Channel
Islands by ~13 ka (Orr 1968, Johnson et al.
2002, Stafford et al. 2008). Whether or not
humans first arrived on San Nicolas Island in
the early Holocene or several millennia earlier

is inconsequential as the calibrated 14C ages
of the burn zones at Chukar Canyon date to
between ~37 and 25 ka, well before the
arrival of humans in North America in general
(Meltzer 2009) and coastal southern California
and the Channel Islands in particular. Thus,
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we can safely assume the fires that created
the burn zones at Chukar Canyon are not
anthropogenic.
The mean fire interval (MFI) is a useful
metric for quantifying fire regimes and represents the average amount of time between
fires at a given location over a specific time
period (McBride 1983). Here, calculated MFI
values represent the average duration between fire occurrences in the Chukar Canyon
drainage basin over the period defined by
the calibrated 14C ages. As a whole, the alluvial sequence at Chukar Canyon suggests that
as many as 24 different fire events occurred
here in a span of ~12 ka, corresponding to
an overall MFI of ~500 years. However, burn
zones BZ4 through BZ21 apparently occurred
in a relatively short amount of time, only ~6
ka, meaning that the MFI was only ~300
years between approximately 29 and 35 ka.
Whether examining the record in its entirety
or looking only at the peak frequency period,
the MFI values presented here should be
viewed as maxima because it is likely that
smaller, less intense burn events that were not
captured in the geologic record occurred at
our study site during this period. Moreover,
considering the relatively low elevation of
the Chukar Canyon catchment area, which
does not exceed ~275 m asl, the calculated
MFIs are likely on the high end for the Channel Islands as a whole if we extrapolate the
relation between elevation and the number
of lightning-induced fires observed today
(Keeley 2002).
The MFI values calculated for the Chukar
Canyon catchment area are similar to modern
MFI values (200–500 years) observed in the
San Diego County–northern Baja California
area for an area of similar size (~1 km) and
when accounting for only lightning-induced
fires (Minnich et al. 1993, Wells and McKinsey 1995). The Chukar Canyon results are also
broadly similar to modeled MFI values for
preanthropogenic MFIs in the redwood forests
of Santa Cruz County, located farther north in
central California (MFI = 135 years; Greenlee
and Langenheim 1990). However, the validity
of such comparisons is limited by differences
in vegetation and climate regimes, spatial extent of the areas studied, size of the fires
(small fires may not be accounted for in the
Chukar Canyon sediments), and the methodologies employed (Marlon et al. 2009, 2012).
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Direct comparison of the Chukar Canyon
record with other nearby charcoal-based records is not possible because continuous charcoal sequences from other localities in coastal
southern California either do not predate the
arrival of humans (Cole and Liu 1994, Anderson et al. 2009) or represent an undefined spatial extent (Heusser and Sirocko 1997). Thus,
our results provide the first baseline of MFI
values against which future studies of fire
recurrence intervals on the Channel Islands
can be compared directly.
Conclusions
The sedimentary sequence discovered at
Chukar Canyon on the north side of San Nicolas Island provides an opportunity to quantify
the frequency of fire on the California Channel Islands prior to the arrival of humans. Our
14C-based chronology and the sedimentology
of the deposits exposed at Chukar Canyon
show that fires that were large enough in both
magnitude and intensity to be preserved in
the geologic record occurred at least every
300–500 years in this catchment area between
~37 and 25 ka, and likely more often than
that. These recurrence intervals are similar to
both modern observations and modeled preanthropogenic values on the mainland, although the validity of such comparisons is limited because of differences in vegetation types,
climate regimes, sedimentary processes, and
the methodologies used in the various studies.
Nevertheless, our study provides a baseline
against which to compare future assessments
of fire regimes in this region, as well as studies
aimed at determining if and when fire was
used by early humans to alter late Pleistocene
landscapes on the Channel Islands.
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LANDSCAPES OF SANTA ROSA ISLAND, CHANNEL ISLANDS
NATIONAL PARK, CALIFORNIA
R. Randall Schumann1,2, Scott A. Minor1, Daniel R. Muhs1, and Jeffrey S. Pigati1
ABSTRACT.—Santa Rosa Island (SRI) is the second-largest of the California Channel Islands. It is one of 4 east–west
aligned islands forming the northern Channel Islands chain, and one of the 5 islands in Channel Islands National Park.
The landforms, and collections of landforms called landscapes, of Santa Rosa Island have been created by tectonic uplift
and faulting, rising and falling sea level, landslides, erosion and deposition, floods, and droughts. Landscape features,
and areas delineating groups of related features on Santa Rosa Island, are mapped, classified, and described in this
paper. Notable landscapes on the island include beaches, coastal plains formed on marine terraces, sand dunes, and sand
sheets. In this study, the inland physiography has been classified into 4 areas based on relief and degree of fluvial dissection. Most of the larger streams on the island occupy broad valleys that have been filled with alluvium and later incised
to form steep- to vertical-walled arroyos, or barrancas, leaving a relict floodplain above the present channel. A better
understanding of the processes and mechanisms that created these landscapes enhances visitors’ enjoyment of their surroundings and contributes to improving land and resource management strategies in order to optimize and balance the
multiple goals of conservation, preservation, restoration, and visitor experience.
RESUMEN.—La Isla Santa Rosa (ISR) es la segunda isla más grande de las Islas del Canal de California. Es una de las
cuatro islas alineadas de este a oeste que forman la cadena norte de las Islas del Canal y es una de las cinco islas del Parque Nacional Islas del Canal. Las formas del relieve, y las colecciones de accidentes geográficos llamados paisajes, de la
Isla Santa Rosa fueron creadas por movimientos y fallas tectónicas, la elevación y la disminución del nivel del mar,
deslizamientos de tierra, erosión y deposición, inundaciones y sequías. En este artículo designamos, clasificamos y
describimos las características del paisaje y las áreas que delimitan grupos de rasgos relacionados de la Isla Santa Rosa.
Notables paisajes de la isla incluyen playas, llanuras costeras formadas por terrazas marinas, dunas de arena y llanuras
de arena. En este estudio, hemos clasificado la fisiografía tierra adentro en cuatro áreas basadas en el desagüe y el grado
de disección fluvial. La mayor parte de las corrientes de agua más grandes ocupan amplios valles que han sido rellenados con aluvión y cortados más tarde para formar arroyos inclinados o verticales, o barrancas, dejando un relicto de una
planicie aluvial por encima del canal actual. Una mejor comprensión de los procesos y mecanismos que crearon estos
paisajes hace que el visitante disfrute más del paisaje que le rodea, y contribuye a mejorar las estrategias de gestión de
la tierra y los recursos para optimizar y equilibrar los múltiples objetivos de conservación, preservación, restauración y
experiencia del visitante.

Santa Rosa Island (SRI) is the second
largest of the California Channel Islands (Fig.
1), measuring approximately 25 km long and
16 km wide, with an area of 215 km2. It is
part of the group of 4 east–west aligned islands
that make up the northern Channel Islands
chain, located roughly 50 km southwest of
Santa Barbara and 70 km west of Oxnard, California. SRI is one of the 5 islands in Channel
Islands National Park.
Santa Rosa Island has a maritime Mediterranean climate, with cool, rainy winters and
warm, dry summers. Air temperatures on the
island rarely exceed 30 °C or fall below 10 °C.
Fog is a common occurrence in the summer
months and constitutes an important source of
moisture for plants (e.g., Williams et al. 2008).

Modern vegetation types include coastal sage
scrub, island chaparral, grassland, and scattered oak and pine woodlands (Junak et al.
2007), but prior to about 9000 years ago, a
cooler, more humid climate supported extensive pine, fir, and cypress forests (Anderson et
al. 2010).
Human occupation of Santa Rosa Island
dates back at least 13,000 calendar years (Johnson et al. 2000). By the time of first European
contact by Juan Rodrigues Cabrillo in 1542,
the native Chumash people on Santa Rosa
Island numbered in the hundreds, living in
at least 9 coastal villages (Kennett 2005). Chumash society flourished on the Channel Islands
until the early 1800s, when the native people
were removed from the islands and brought

1United States Geological Survey, Box 25046, MS 980, Denver Federal Center, Denver, CO 80225-0046.
2E-mail: rschumann@usgs.gov
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Glacial Maximum, when sea level was approximately 95 m lower than present (Muhs et al. 2012). San Miguel, Santa
Rosa, Santa Cruz, Anacapa, and Santa Barbara islands make up Channel Islands National Park.

to mainland Spanish missions (Johnson and
McLendon 2000).
European settlement of Santa Rosa Island
began in 1843 when the governor of Mexico
granted the island to Jose and Carlos Carrillo
(Allen 1996). In 1844, the Carrillo brothers
brought sheep, cattle, and horses to the island,
thus initiating the ranching era. By the 1860s,
the island had been sold to the More family,
who increased the number of sheep to about
100,000. In 1901, the Vail and Vickers Company
purchased the island and converted it from
a sheep ranch to a cattle ranch (Allen 1996).
Deer and elk were brought to the island for
hunting in the 1920s (the last ungulates were
removed in 2011). In 1986, the National Park
Service purchased the island from Vail and
Vickers, adding Santa Rosa to the islands of
Channel Islands National Park.
The landforms, and collections of landforms
called landscapes, of Santa Rosa Island have
been created by the forces of climate and
geology acting over the past few millions of
years. Tectonic uplift and faulting, rising and

falling sea level, landslides, erosion and deposition, floods, and droughts have acted to shape
the island’s mountains, valleys, plains, beaches,
cliffs, dunes, and other landforms. In this paper,
we characterize and describe these landforms
in the context of the physical processes that
are responsible for their creation.
GEOLOGIC SETTING
Santa Rosa Island and the other 3 northern
Channel Islands are the emergent parts of an
approximately 125 km long platform that, along
with the Santa Monica Mountains to the east,
forms the southern part of the western Transverse Ranges crustal block (Crouch 1979, Vedder and Howell 1980). Approximately 2000 m
of mostly marine shale, siltstone, sandstone,
conglomerate, and volcaniclastic rocks of Eocene to Miocene age, with local volcanic flows
and shallow intrusions, are exposed on Santa
Rosa Island (Avila and Weaver 1969, Weaver
and Doerner 1969, Dibblee and Eherenspeck
1998). Most of the pre-Pleistocene rocks were
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Fig. 2. Simplified geologic map of Santa Rosa Island (after Dibblee and Eherenspeck 1998). All units shown are
of Tertiary (Eocene to Miocene) age. Quaternary deposits, including marine terrace deposits, eolian sand, and river
alluvium, are not shown.

deposited in shallow- to deep-water ocean
environments that predated the island’s emergence. The oldest rock units are exposed in
the southern and western parts of the island
and are overlain by progressively younger
units to the north and northeast (Fig. 2).
Pleistocene and Holocene surficial deposits
include colluvium and alluvium on the slopes
and floors of valleys; eolian sands; marineterrace deposits, some of which form narrow
coastal plains; and modern beach sands (Dibblee and Eherenspeck 1998, Woolley 1998).
Landslides are common in many areas, particularly on steeper slopes in the southern and
central parts of the island.
The island is bisected by the roughly
east–west striking, subvertical to steeply northdipping Santa Rosa Island Fault (SRIF). Leftlateral strike-slip movement along the fault has
caused the northern part of the island to move
west, or left, relative to the southern part, giving

Santa Rosa Island its distinctive “parallelogram”
shape (Fig. 2). Estimates of the amount of
strike-slip movement along the fault, based on
displacement of rock units, range from 5.5 km
(Nuccio and Woolley 1998) to 16 km (Weaver
1969). Drainages that cross the fault are deflected as much as 1 km to the west, reflecting
relatively recent (late Pleistocene and/or Holocene) lateral movement. Displacement of bedrock units suggests that the SRIF has also
experienced vertical displacement. Older rocks
on the south side of the fault are juxtaposed
against younger rocks north of the fault (Fig.
2), suggesting that the south side of the fault
has moved upward relative to the north side.
Vertical offset of as much as 400 m can be
inferred from geologic cross sections (e.g.,
Dibblee and Eherenspeck 1998). South-side-up
displacement is also suggested by the topography; elevations are generally higher south
of the fault, and the island’s main drainage
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divide is located well south of the island’s center (Fig. 3). However, evidence of more recent
fault displacement that resulted in relative
uplift of the north side of the SRIF has been
presented, including (1) up-to-the-north offset
of last interglacial (~80–120 ka; ka = thousands
of years before present) marine terraces on the
east end of the island (Sorlein 1994, Pinter et al.
2001); (2) a prominent south-facing escarpment
on the north side of the fault between Bechers
Bay and Arlington Canyon, which is highest at
Black Mountain (Fig. 3); and (3) dip-slip striae
preserved on principal slip surfaces in multiple
exposures of the fault, indicating that the most
recent movement has been up-to-the-north in
the eastern part of the island (Minor et al.
2012). The SRIF is the only fault that crosses
the entire island. A number of secondary faults
run subparallel to the SRIF (Fig. 2).
LANDSCAPES
Individual landforms on Santa Rosa Island,
such as mountains, valleys, and plains, give the

landscape its character. These features, and
areas delineating distinct landscapes composed
of these landforms have been mapped and
classified (Fig. 4), and are described below.
Coastal Plains (Marine Terraces)
Marine terraces are emergent, flat to gently
seaward-sloping erosional platforms veneered
with thin, sometimes fossil-bearing shallowwater marine sand and gravel, backed by a
relatively steeper sea cliff at their landward
margins. Marine terrace landforms and their
associated sedimentary deposits and fossils
record the combined effects of tectonic uplift
and glacio-eustatic fluctuations of global sea
level. The intersection of the marine terrace
platform with the base of the sea cliff, called
the shoreline angle, records the position and
elevation of the paleo-shoreline, after adjusting for tectonic and isostatic movements that
occurred since the shoreline occupied that
position (Lajoie 1986, Muhs et al. 2002). Fossil
mollusk shells and corals are used to date the
deposits by use of direct methods, including
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radiocarbon and uranium-series disequilibrium,
as well as indirect methods such as strontium
isotope ratios and amino acid racemization
(Muhs et al. 2004).
In tectonically stable areas, only terraces
formed by past sea levels that were higher
than present are preserved on land areas. On
uplifting coastlines, however, marine terrace
landforms and deposits of many high sea stands
can be preserved, including those that may
have formed below present sea level. In areas
that have experienced relatively continuous
uplift throughout the Pleistocene, such as
coastal southern California and the Channel
Islands, the youngest marine terraces are those
closest to sea level, and successively higher
terraces are successively older. The terrace
surfaces are typically covered with a relatively
thin layer of coastal dune sand, alluvium, or
colluvium that may generally reflect the shape
of the original terrace platform, such as the

last interglacial (~120–80 ka) marine terrace
surrounding Bechers Bay (Fig. 5A, 5B). In other
places, marine terraces may be mostly buried
and obscured by younger deposits so that the
only visible evidence of their presence are
underlying marine sand and gravel layers exposed along roadcuts, hillslopes, or river valleys. One example of an older (probably >1
Ma; Ma = millions of years before present)
marine terrace deposit with no topographic
expression is exposed in a roadcut along Main
Road on the slopes of Black Mountain (Fig. 5C).
Marine terraces are prominent geomorphic features on Santa Rosa Island. Orr (1960)
identified at least 3 distinct marine terrace
surfaces on the island, whereas Pinter et al.
(2001) mapped 4 terraces based on their visible
geomorphic expression. Near the present-day
shoreline, last-interglacial marine terrace surfaces covered by alluvium and/or eolian sand
form relatively flat to seaward-sloping coastal
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Fig. 5. (A) Marine terraces along Bechers Bay, aerial view looking southward. (B) Marine terrace stratigraphy in seacliff face in Bechers Bay, as seen from the pier (right side of photo). (C) Marine terrace deposits along Main Road near
Black Mountain.

plains, particularly on the north, east, and west
sides of the island (Fig. 4). Around Bechers Bay,
the wave-eroded last-interglacial marine-terrace
surface separates dipping sandstone bedrock

below from its cover of subhorizontally bedded alluvium and colluvium above, which is
easily seen in the face of the sea cliffs when
approaching the island (Fig. 5B). The upland
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surface of the northern half of the island is a
dissected older marine terrace or series of
terraces mantled by eolian sand and alluvium
(Fig. 6; Orr 1960, 1967, Pinter et al. 2001). Over
time, as this terrace was uplifted, as much as
several tens of meters of windblown sand
covered parts of the original terrace benches,
and rivers cut into its surface (Woolley 1998).
Sand Dunes and Eolian Sand Sheets
Eolian (windblown) sand deposits are prominent features on the outer Channel Islands.
On Santa Rosa Island, extensive dune fields
are present at Sandy Point, Carrington Point,
and Skunk Point (Fig. 4). A veneer of windblown
sand ranging from a few centimeters to several
tens of meters thick also covers the upland
surfaces of much of the island north of the
SRIF. Most of the sand is white to light gray in
color, as opposed to the tan to light brown color
of the quartz- and feldspar-dominated sands
common to the mainland coast. In contrast to
sand derived primarily from erosion of sandstone bedrock, eolian sand on SRI and the
other Channel Islands is derived from eroded
fragments of marine-invertebrate skeletal material that is composed largely of white to light
gray calcium carbonate (Muhs et al. 2009).
These sands were blown onshore primarily
during glacial periods, when sea level around
southern California and the Channel Islands
was much lower than today. For example, at
the peak of the last glacial period, about
24,000–20,000 calendar years ago, sea level
was approximately 95 m lower than today

(Muhs et al. 2012), exposing large areas of the
submarine shelves surrounding the Channel
Islands (Fig. 1). Prevailing winds from the
northwest deflated (eroded) the carbonate sands
from the shelves and blew them onto what is
presently the land areas. During interglacial
periods, sea level rose, submerging the shelf
areas and cutting off the sand supply, thus
allowing the dunes to stabilize (Muhs et al.
2009). Most eolian deposits on SRI have been
stabilized by vegetation or cementation, but
a few areas of partially active dunes are still
present, such as the climbing dunes near Skunk
Point (Fig. 7A).
Older dunes, probably dating to the middle
Pleistocene, are exposed locally at the surface
or are buried beneath younger dunes (latest
Pleistocene to early Holocene) in the 3 dune
fields. The older dunes and sand sheets are
typically weakly cemented by the dissolution
and reprecipitation of calcium carbonate to form
eolianite, with reddish brown paleosols near
their upper parts and a well-cemented, whitecolored calcrete (also called “caliche”) layer
below. In the dune fields, the eolianites commonly preserve the high-angle cross-bedding
of the original dunes (Fig. 7B). The younger
dunes and sand sheets are typically unconsolidated, but at present they are mostly stabilized
by vegetation.
Carbonate-filled root, stem, and trunk casts
of fossil plants, called rhizoliths, are found in
the upper parts of the older dunes. In many
exposures they can be seen in their original
growth position (Fig. 7C), indicating a period
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Fig. 7. (A) Climbing dunes near Skunk Point. Prevailing wind blows sand onshore and uphill (thus “climbing”
dunes). (B) Eolianite, Carrington Point. Cemented sand beds are dipping away from the prevailing wind direction, indicating that this rock outcrop is a remnant of the leeward slip face of an old sand dune. In photos A and B, prevailing
wind blows roughly from right to left. (C) Rhizoliths, Sandy Point. The tallest rhizoliths in the photo are roughly 30–40
cm long. (D) Pisoliths along Main Road northeast of Black Mountain. (E) Closer view of pisoliths (5 cm long pocketknife
for scale). (F) Beach, near South Point. Note color contrast between calcareous beach sand and siliceous sandstone cliffs.

of dune stability in which woody tree and shrub
vegetation colonized the dunes. Later, during a
period of renewed dune formation and migration, sand buried the vegetation and, aided
by water percolating through the dune sand,

calcium carbonate was dissolved and reprecipitated in the spaces formerly occupied by the
woody plant parts, forming the rhizoliths.
In areas where older eolianite blankets the
upland surface of Santa Rosa Island, reddish
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brown, iron oxide–coated spherical nodules
called pisoliths (Fig. 7D, 7E) are common. The
pisoliths are formed by chemical weathering
and biologic fixation of iron from an upper soil
layer (B horizon) of the eolianite (Schulz et al.
2010). Pisoliths occur only on the older eolianite deposits, suggesting that the time required
for their formation is relatively long, or that
the climatic conditions required for their formation do not presently exist on SRI. Pisoliths
also occur only in older eolianites on San
Miguel Island (Johnson 1972) and San Nicolas
Island (Vedder and Norris 1963).
Beaches
Beaches on Santa Rosa Island are important features for recreational use and wildlife
habitat. For example, beaches on the Channel
Islands provide important environments for
pinnipeds (Fig. 7F) and seabirds, including
several endemic, threatened, or endangered
species (NOAA 2009). A narrow beach fringes
Bechers Bay from a few hundred meters north
of the pier relatively continuously to Skunk
Point. On the north, west, and south coasts of
the island, beaches are more commonly confined to areas that are protected from wave
erosion, such as coves, bays, or inlets. Like the
eolian deposits on SRI, the beach sand is composed dominantly of white to light gray calcium
carbonate, which can easily be seen where
beaches are adjacent to tan-colored sandstone
bedrock cliffs (Fig. 7F).
Inland Landscapes
The inland area of Santa Rosa Island is a
hilly, dissected terrain with elevations ranging
from near sea level to 484 m at Vail Peak in the
south central part of the island (Fig. 3). The
Santa Rosa Island fault divides the island into
topographically distinct regions. North of the
SRIF, the uplifted marine terrace surface is
dissected by broad, low relief, relatively widely
spaced stream valleys filled with alluvium as
much as 13 m thick. The alluvial fill has been
incised to form near-vertical-walled arroyos,
or barrancas (Woolley 1998). Several of the
north-draining streams cross the SRIF and are
deflected to the left, or westward, some by
more than 1 km (Fig. 3). South of the SRIF, the
terrain is generally more rugged, with higher
elevations, more relief, higher drainage density,
and deeper dissection of the steep-walled, Vshaped valleys.

[Volume 7

The island has a radial drainage pattern,
with streams draining northward, eastward,
westward, and southward from the high points
of Vail Peak and Soledad Mountain, located
slightly south of the geographic center of the
island (Fig. 3). The north–south drainage divide
is shifted south of the center of the island because the part of the island south of the Santa
Rosa Island fault was displaced upward by
several hundreds of meters relative to the
north part (Dibblee and Eherenspeck 1998),
resulting in the higher elevations and more
rugged terrain south of the fault.
The inland landscape regions of SRI are
delineated here (Fig. 4) based on characteristics such as elevation, ruggedness (or relative
flatness) of terrain, and degree of fluvial dissection (expressed as drainage density). Elevation and slope values were extracted from a
LiDAR-based digital elevation model (DEM)
with 1 × 1-m grid cells. Histograms were constructed to show the distribution of elevations
and slopes for each landscape area (Fig. 8), and
the shapes of the distribution curves can be
related to landscape characteristics. Each value
in the histogram is representative of elevation
or slope for 1 m2 of ground surface.
Skewness and kurtosis are 2 measures of
the shape of a frequency distribution curve
(histogram). Skewness is a measure of symmetry; a perfectly symmetrical distribution
has a skewness of zero. An asymmetrical distribution with a long tail to the right (toward
higher values) is positively skewed, whereas
an asymmetrical distribution with a long tail
to the left is negatively skewed. Kurtosis is a
measure of how peaked or flattened the distribution appears relative to a normal (or
Gaussian) distribution, which has a kurtosis
equal to zero (actually, a perfect Gaussian distribution has a kurtosis of 3.0, so a term known
as “excess kurtosis” subtracts 3 from this value;
in this paper, “kurtosis” actually refers to “excess
kurtosis”). A frequency distribution that is wider
and flatter than a normal curve is platykurtic
(negative excess kurtosis), which implies greater
influence of the tail(s) of the distribution; a
distribution that is more narrow and peaked
than a normal distribution is leptokurtic (positive excess kurtosis), with greater emphasis on
the central tendency of the data.
NW AREA.—The NW Area encompasses
much of the island north of the Santa Rosa
Island Fault, and an additional area south of
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locations of areas.

the fault on the west side of the island (Fig. 4).
Its topography is relatively flat, with a surface
that slopes gently seaward, originating from an
old (likely >1 Ma) marine terrace (or terraces),
that has since been mantled with a layer of
eolian sand as much as tens of meters thick.
This surface is dissected by relatively broad
river valleys containing inset alluvial terraces
(Fig. 6). The crests of the interfluves, remnants
of the former marine terrace surface, are broad,
planar, gently sloping northward, and roughly
concordant. The combined effect of marine
beveling and the blanket of eolian sand gives
the landscape a somewhat smooth, muted
appearance; hills are typically rounded and
rolling, and the planar surfaces between river
valleys are relatively expansive (Fig. 9A, 9B).

Elevations range from a few meters above
sea level at the modern sea cliffs to about 400 m
near Black Mountain. A histogram of elevation
values for this area (Fig. 8) is positively skewed
(toward lower elevations) and slightly leptokurtic (many of the elevation values cluster closely
about the mean elevation). The asymmetric
bulge in the elevation histogram from about
70 to 120 m represents part of the sloping, planar surface typical of a marine terrace bench.
The large proportion of the area that is occupied by marine terrace bench is also clearly
seen in the distribution of slopes in the area
(Fig. 8), which has a shape that is strongly
skewed toward lower (flatter) slope values.
Another quantitative measure of landscape
development is the degree of fluvial dissection
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Fig. 9. Photos showing typical views of inland landscapes. (A) NW Area, ground view. (B) NW Area, view looking
northward from near the center of the island. In the foreground is the rugged topography of the SW Area; the planar
surface of the ancient marine terrace characterizing the NW Area is in the background. (C) NE Area, from Smith Highway looking west. (D) NE Area, looking E from the vicinity of Black Mountain. Deep, steep-walled canyons suggest relatively recent rejuvenation. (E) SE Area, sloping ridge crests in middle distance are remnants of a dissected ancient
marine terrace surface. (F) SE Area, Old Ranch Canyon, looking northwest. (G) SW Area, just east of the center of the
island. (H) SW Area, looking eastward down Cañada La Jolla Vieja in center of photo.
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of an area, expressed as drainage density, defined as the total length of stream channels
per unit area (Horton 1932, 1945, Tucker and
Bras 1998). The drainage density in the NW
Area is 3.6 km–1 (km/km2), lowest of the 4 inland landscape areas. The streams have sinuous
courses that are incised into the alluvial fill in
most valleys in this area, with the notable exception of Lobo Canyon, located on the eastern
side of the NW Area. The lack of significant
alluvial fill in Lobo Canyon may be related to
nearby recent or active uplift (see the following
discussion for the NE Area), which may have
caused the canyon to be flushed of the majority
of its sediment rather than retaining it within
the canyon, but this hypothesis requires further
investigation.
NE AREA.—The NE Area extends from just
east of Lobo Canyon to the inner edge of the
last-interglacial marine terrace surrounding
Bechers Bay. It is bounded on the south by
the SRIF and on the north and west approximately by the drainage divide for eastwarddraining streams (Figs. 3, 4). The elevation
histogram for this area is similar to the histogram for the NW Area (Fig. 8), in that the
cluster of elevation values about the mean represents the sloping, planar, old marine terrace
surface, the remnants of which are expressed
as concordant ridge crests (Fig. 9C). However,
there is a prominent secondary peak in the tail
of the positively skewed distribution that represents an area of higher elevations that may
have been created by localized recent or active
uplifting. The elevation distribution of this area
has a higher skewness and higher kurtosis
than the NW Area (Fig. 8), suggesting more
diversity of topography. The mean slope in
this area is about 20°, which is only slightly
higher than in the NW area, but a greater
area with slopes in the 20°–40° range is indicated by the positive skew and platykurtic shape
of the slope distribution (Fig. 8), possibly reflecting rejuvenation and erosion in response
to recent uplift.
A higher degree of fluvial dissection is indicated by a drainage density of 5.5 km–1, which
is the highest value for the 4 inland landscape
regions delineated in this study. The valleys in
the NE Area are generally steeper, deeper, and
more V-shaped (Fig. 9D) than those in the NW
Area. The more rugged topography and higher
drainage density are strong indications that recent or active uplift is focused in this area.

59

As previously discussed, the observed topographic and geologic relations suggest that
greater uplift has occurred south of the SRIF
than north of it (Dibblee and Eherenspeck
1998). Because the fault dips to the north along
its central and eastern parts, the up-to-thesouth movement was likely due to normal, as
opposed to reverse, sense of fault movement
(Minor et al. 2012). However, the previously
described south-facing escarpment, with a maximum height of ~100 m at Black Mountain, is
clearly visible along the southern border of
the NE Area, on the north side of the SRIF
(Figs. 3, 4). Gouges or scratches along the
principal slip surface of the fault, called striae,
indicate that the vertical component of movement along this section of the fault has been
primarily reverse slip (Minor et al. 2012). Only
reverse-slip striae are present where the fault
cuts across last-interglacial marine terrace
deposits in the sea cliff bordering Bechers
Bay, indicating that along this segment of the
fault, the north side has moved upward relative to the south side during at least the past
120,000 years (Minor et al. 2012).
SE AREA.—The SE Area (Fig. 4) exhibits a
mix of topographic characteristics similar to
the NW and SW Areas but also has some features that are unique. The SE Area is south of
the SRIF and was uplifted relative to areas
north of the fault during an earlier period of
tectonic activity, but the amount of uplift was
considerably less than in the center of the
island (SW Area). This characteristic is indicated by the lesser amount of stratigraphic
offset between rock units on opposite sides
of the fault (Dibblee and Eherenspeck 1998),
by the overall lower topography (compare the
elevation histograms for the SW and SE areas,
Fig. 8), and by more rounded and smoothed
topography, compared to the SW Area (Figs. 3,
4). The relatively broad, flat, and concordant
ridge crests indicate that the upland surfaces
of this area are uplifted remnants of an old
marine terrace surface (Fig. 9E). The SE Area
has the second lowest drainage density (4.5
km–1) of the 4 areas. Quemada Canyon is a
wide, alluvium-filled and incised drainage that
resembles many of the streams and valleys in
the NW Area; however, smaller stream valleys
in the southern part of the area are narrower
and contain significantly less alluvium. The
elevation histogram for the SE Area is slightly
platykurtic, reflecting many more elevations in
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the range 0–100 m than exist in the other areas
(Fig. 8). These lower elevations are associated
primarily with Old Ranch Canyon, a very wide,
straight alluvium-floored canyon that slopes
gently southeastward to the ocean (Fig. 3, 9F).
The first peak of the bimodal slope distribution, centered on about 10° (Fig. 8) reflects large,
relatively flat areas on ridgetops, associated
with remnants of old marine terrace benches,
as well as the floor of Old Ranch Canyon and,
to a lesser extent, fluvial terraces in Quemada
Canyon. Coastal marshes at the mouth of Old
Ranch Canyon are remnants of a larger estuary that occupied the lower part of the canyon
in the early to middle Holocene (Cole and Liu
1994, Rick et al. 2005). The second peak in the
slope distribution, centered on about 22° (Fig.
8), probably reflects steeper valley slopes in
the more youthful-appearing topography of the
southern part of the SE Area (Fig. 3).
SW AREA.—The SW Area (Fig. 4) has the
most rugged terrain on the island, with deep,
steep-walled, V-shaped valleys topped by narrow ridge crests, a high degree of fluvial dissection (drainage density of 5.3 km–1), and
abundant landslides (Fig. 9G, 9H). The highest peaks on the island, Radar Mountain (also
called Vail Peak) at 484 m (1589 ft) and Soledad
Mountain at 480 m (1574 ft), are prominent
features in this area. Most of the streams have
cut deeper into the uplifted rocks and have
steeper gradients than in the other areas, particularly in contrast to the NW Area. Ridge
crests are generally sharp and narrow, as
opposed to the broader and relatively flatcrested interfluves in the other areas. The elevation distribution for this area is centered
about a considerably higher mean elevation
than those of the other 3 areas (Fig. 8). The
shape of the curve closely approaches that of
a normal distribution, with skewness very near
zero, although the distribution is wider and
flatter (platykurtic) than a perfect normal distribution. The mean slope in the SW Area is also
highest of the 4 areas at 26.5°, and the shape of
the slope distribution is almost perfectly Gaussian (Fig. 8). The approximately normal shape
of the elevation and slope distributions suggest a dominance of typical fluvial dissection.
If there were marine terraces in this area,
their topographic remnants have been eroded
away due to greater overall uplift and dissection relative to the other areas. Only the largest
drainages in this area have significant alluvial
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fill, notably Wreck, San Augustin, Water, and
La Jolla Vieja canyons, and the alluvial fill is
more discontinuous, occurring only in wider
parts of the valleys.
FLUVIAL HISTORY
Some of the more striking landscape features on Santa Rosa Island are the incised alluvial valleys that characterize all of the northdraining streams (except Lobo Canyon) and
most of the other larger streams on the island
(Fig. 10A). These are wide, trough-shaped valleys that have been filled with alluvium and
later incised to form steep- to vertical-walled
arroyos, or barrancas, leaving a relict floodplain
as much as 125 m wide and 10 or more meters
above the active channel (Woolley 1998).
In several of the larger canyons, such as
Cañada Verde (Fig. 10B), the alluvial fill exhibits
a distinctive sequence of alternating lighter and
darker layers of sediment. The darker layers
generally contain silty clay or clay and organic
matter, whereas the lighter-colored layers are
composed primarily of silt and sand (Fig. 10B).
The darker sediment may represent floodplain
paleosols that developed during relatively stable
and/or wetter periods (Fig. 10B, 11A), or it may
represent organic-rich, low-energy channel
sediments (Fig. 11B, 11C). The lighter sediments are channel-margin or floodplain aggradational deposits. Channel-fill sequences containing sand and gravel are locally found cutting
into or through the floodplain deposits.
The timing and causes of the aggradation
and subsequent reincision of the valleys are
not well known. Charcoal near the base of the
alluvial sequence in Cañada Verde yielded a
calibrated radiocarbon date of approximately
29 ka, and charcoal near the base of an alluvial
section in Arlington Canyon was dated at ~17
ka (Scott et al. 2010, Pinter et al. 2011). Aggradation probably continued until at least 750
years ago (Orr 1967). More detailed sampling
and dating is needed to refine and expand this
chronology.
Arroyos have cut through Chumash archeological sites in several locations on the island
(Woolley 1998). For example, shell middens
and burial sites dating to 330 yr BP (AD 1620)
in Skull Gulch, on the northwest coast of the
island, are cut by an arroyo, indicating that incision took place sometime after this date (Orr
1967, 1968). The earliest known photograph of
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Fig. 10. (A) Cañada Verde. View looking southwest. Thickness of alluvial sediment filling the valley in the foreground
is approximately 10–11 m. (B) Sedimentary deposits underlying the relict floodplain of Cañada Verde. Colors in the
stratigraphic diagram approximate colors of the units. The lighter-colored layers in the photo are generally coarser
grained than the darker-colored layers, which are composed primarily of clays and organic matter.

Santa Rosa Island, taken by Philip Mills Jones
in 1901 during an archaeological survey (Jones
1956, reproduced in Orr 1968 and Woolley

1998), shows a well-formed barranca in Cañada
La Jolla Vieja, suggesting that arroyo cutting
took place prior to the beginning of the 20th
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Fig. 11. (A) Lush grass growing on the floodplain produces biomass that may partially account for the darker color of
some layers of alluvial sediment. (B, C) Cattails and grass grow in the modern channel of many of the streams on Santa
Rosa Island. In photo C, the person is about 2 m tall. Typha species (cattails) in the modern channel grow to heights of
2 m or more. These are another possible source of organic material in the darker-colored sedimentary layers. Lightercolored layers may represent drier periods or episodes of rapid sediment accumulation (such as floods), during which
less organic matter accumulated in the sediment.
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century. Most of the barrancas have incised
the alluvial fill to bedrock (Woolley 1998).
Sedimentation rates have been estimated
from cores collected from an estuarine marsh
in Old Ranch Canyon (Cole and Liu 1994,
Anderson et al. 2010). For the 5000 years prior
to AD 1800, the sedimentation rate in the marsh
was approximately 0.7 mm ⋅ year–1. During the
early 1800s, the sedimentation rate increased
to an average of 13.4 mm ⋅ year–1 and peaked
at 23.0 mm ⋅ year–1 between AD 1874 and
AD 1920 (Cole and Liu 1994), which suggests
increased runoff due to reduced vegetative
cover caused by drought and/or overgrazing by
sheep in the late 1800s. Ranching began on
Santa Rosa Island in 1844, and in the 1860s
and early 1870s, as many as 100,000 sheep
grazed on the island (Allen 1996). Several
periods of intense drought also occurred in
the 1860s and 1870s. Extensive overgrazing
and livestock loss due to starvation were documented on San Miguel, San Nicolas, and Santa
Cruz islands following the severe drought of
1863/64 and subsequent droughts (Johnson
1980).
The increased sedimentation in the marsh
reported by Cole and Liu (1994) likely resulted from increased runoff that may have
also initiated arroyo cutting. Brumbaugh (1980)
and Perroy et al. (2012) describe similar features on Santa Cruz Island, in which valleys
cut into bedrock contain incised alluvial fills.
In many of the canyons, the alluvium occurs in
2 distinct facies: a lower, fine-grained alluvium
containing multiple organic-rich layers, overlain
by a coarser alluvial, colluvial, and debris flow
unit lacking substantial organic layers (Brumbaugh 1980). Charcoal and organics near the
top of the fine-grained facies were dated to
1550 yr BP (AD 400), so the coarser-grained
facies was deposited after this time, presumably due to vegetation stripping by grazing
animals in the late 1800s (Brumbaugh 1980,
Perroy et al. 2012). Drought and overgrazing
in the late 1800s and early 1900s were also
postulated to be the primary causes of severe
erosion and sediment mobilization on San Miguel Island (Johnson 1980).
These data, although sparse, suggest a rough
preliminary chronology for the river systems
on Santa Rosa Island. Initial cutting of the river
valleys would have occurred well before the
Last Glacial Maximum (LGM). In fact, it is
likely that several cycles of fluvial erosion and
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deposition would have occurred throughout
the Pleistocene in response to the alternating
wetter/drier periods and fluctuating sea levels
of glacial/interglacial periods. Pinter et al.’s
(2011) date of 29 ka for the base of alluvial fill
in Cañada Verde suggests that the most recent
episode of aggradation started before the onset
of full glacial conditions. However, much of the
aggradation may have been largely a response
to rising base level, as sea level rose from its
last glacial low stand of approximately 95 m
below present about 20,000 years ago (Muhs
et al. 2012) to its current level. Incision that
created the barrancas appears to have occurred
sometime between the 1600s and 1901, but the
sedimentary evidence offered to date suggests
that drought and overgrazing in the mid to
late 1800s was a significant factor in the rapid
downcutting of the arroyos.
DISCUSSION
A number of studies have attempted to relate the distributions of elevations and/or slopes
to stages or processes of landscape development (e.g., Strahler 1950, 1952, 1956, Tanner
1962, Pike and Wilson 1971, Speight 1971,
O’Neill and Mark 1987, Riley and Moore 1993,
Montgomery 2001, Wolinsky and Pratson 2005).
Landscapes develop through the processes of
tectonic, isostatic, or eustatic elevation changes
(in the latter case, it is sea level that changes,
so the land surface elevation change is relative)
and fluvial and hillslope erosional processes
(Montgomery 2001)—or more simply, uplift
versus erosion. If the rate of erosional downcutting equals that of uplift, the landscape is
considered to be in a steady-state or equilibrium condition (Hack 1960, Montgomery 2001).
Some researchers have suggested that steadystate topography might be indicated by a normal, or Gaussian, distribution of elevations or
slopes, or some transformation thereof, such as
log elevation or sine of slope angles (Strahler
1950, Tanner 1959, 1962, O’Neill and Mark
1987). However, few examples of pure normal
distributions of slope or elevation actually have
been documented. This is probably because,
at least during the Quaternary, climate changes
have occurred faster than many landscapes
were able to adjust to them (Whipple 2001).
Therefore it follows that at present, skewed
distributions of elevations or slopes should be
more common than normally distributed ones.
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Some studies have suggested that erosional
landscapes tend toward negatively skewed
slope distributions, whereas actively depositional terrains display positively skewed slope
distributions (Wolinsky and Pratson 2005 and
references therein); however, because there are
additional complexities in the system that we
have not discussed here, these tendencies may
not be universally true. Landscape-evolution
models have been based primarily on data from
continental mountain ranges, in which rainfall
is the primary control on denudation rates, and
base levels are local rather than absolute (i.e.,
sea level). In the case of the Channel Islands,
however, sea level is the actual base level for
the river systems, so the effect of sea-level
changes is direct and unmitigated in terms of
both magnitude and timing. Rapid changes
in sea level, such as the transition from the
LGM to the Holocene, would require rapid
landscape responses, but it is not known
whether there is presently enough erosive
power in Santa Rosa Island’s landscapes to
attain a steady state in such a relatively short
time. Interestingly, however, the nearly Gaussian shapes of the elevation and slope distributions of the SW Area suggest that such a rapid
adjustment may indeed be possible.
An additional landscape-forming agent that
was not considered in landscape development
models presented to date is coastal erosion.
The uplands of the NW, NE, and SE areas are
partially dissected remnants of marine terrace
surfaces. The process of marine terrace erosion
lowered overall elevations and flattened the
topography, lessening stream power and obliterating preexisting drainages. In order to recreate topography that resembles the SW Area,
dissection of the marine terraces must occur
through continued channel incision, which increases relief, but which also steepens valley
side slopes, causing hillslope failure and slope
retreat, thus widening the valleys and narrowing the interfluves. As nickpoint-driven incision progresses upstream, a network of tributary
channels should also develop and grow, further disintegrating the former marine terrace
surface (Anderson et al. 1999). The relatively
high drainage densities of the NE and SE areas
indicate that this rejuvenation and extension of
the tributary networks is indeed occurring, possibly driven by tectonic uplift in the NE Area.
In the NW Area, the main drainages are
filled with sediment that accumulated as sea
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level rose from its LGM lowstand to its current level. It appears that clearing the alluvium from the valleys must take place before
significant erosion into bedrock valley floors
or hillslopes can continue, which has hindered
the reestablishment of steady-state topography
in this area more than in the other areas. Thus,
the elevation and slope distributions, along with
drainage densities, depict “snapshots” of each
landscape area in the process of adjusting to
its unique combination of tectonic, climatic,
topographic, geologic, and base-level forcings.
At present, the SW Area most closely resembles
a steady-state landscape, and the NW Area
appears least adjusted to the most recent perturbations of its system. It should be noted,
however, that this analysis is not a rigorous
modeling effort, and in the interest of simplicity, we have omitted discussion of other
complex factors influencing rates and processes
of landscape change, such as relative erosive
resistance of different bedrock types, influence
of soil cover or stabilizing vegetation, and other
factors.
CONCLUSION
The landscapes of Santa Rosa Island are
the result of the interacting effects of geology,
tectonics, and climate over long periods of time.
The long-term uplift of the Channel Islands
has allowed multiple marine terraces to be
preserved, including the striking example surrounding Bechers Bay. Differential uplift across
the Santa Rosa Island fault created high, rugged
topography on the southern part of the island,
but marine inundation of the northern and
eastern parts formed marine terraces that have
since been dissected by broad valleys containing alluvial terraces. Calcium-carbonate-rich
marine sands were blown onshore from the exposed marine shelf during glacial periods when
sea levels were lower, forming light-colored
dunes and sand sheets. Shoreline features such
as beaches and sea cliffs provide wildlife habitats and recreational opportunities for visitors
to the island.
Each of these different landscapes may require different land and resource management
strategies in order to optimize and balance the
multiple goals of conservation, preservation,
restoration, and visitor experience. It is hoped
that this delineation and discussion of landscape areas will be of use in formulating plans
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for future visitor trails and wilderness campgrounds; for island restoration, construction,
and management plans; in preparation of interpretative materials; and in identifying or
guiding future natural science research needs.
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DOCUMENTING THE PALEONTOLOGICAL RESOURCES OF
NATIONAL PARK SERVICE AREAS OF THE SOUTHERN
CALIFORNIA COAST AND ISLANDS
Justin S. Tweet1, Vincent L. Santucci2, and Tim Connors3
ABSTRACT.—Paleontological resource inventories for the parks of the National Park Service’s Mediterranean Coast
Inventory and Monitoring Network (MEDN) indicate a significant Late Cretaceous and Cenozoic fossil record for the
southern California coast and islands. These inventories document over 100 million years of biologic and geologic
changes along the Pacific coast of southern California. During 2012, comprehensive paleontological resource data were
compiled for Cabrillo National Monument (CABR), Channel Islands National Park (CHIS), and Santa Monica Mountains National Recreation Area (SAMO). This recent work expands the paleontological resource data previously compiled for each of the parks in 2003 and during the SAMO paleontological survey of 2004. Fossil plants, invertebrates,
and vertebrates and trace fossils represent both marine and terrestrial life along the ancestral coast of southern California.
Within the boundaries of SOMA, 38 fossil taxa have been described from specimens discovered there, and 19 more have
been described from CHIS. Among the significant fossils found within the MEDN are the pygmy mammoths of CHIS,
which continue to be a subject of scientific research. Recent work at SAMO has helped refine the stratigraphic interpretation of the park’s geology; helped provide additional documentation of the Miocene flora and fauna; and led to the
description of new taxa, including the Upper Cretaceous gastropod Pyropsis aldersoni (Squires 2011) and the Paleocene
crab Costacopluma squiresi (Nyborg et al. 2009). The recent MEDN paleontological resource inventory will help stimulate future research, education, interpretation, and proper management of these important paleontological resources.
RESUMEN.—Los inventarios de recursos paleontológicos de los parques de la Red de Monitoreo e Inventario de la
Costa del Mediterráneo del Servicio de Parques Nacionales (MEDN por sus siglas en inglés) señalan la existencia de
registros de fósiles del período Cretácico Tardío y de la era Cenozoica del sur de las islas y la costa de California. En esta
investigación se documentan los cambios biológicos y geológicos en la costa del Pacífico del sur de California, a lo largo
de más de 100 millones de años. Durante el año 2012 se reunió información completa sobre los recursos paleontológicos
del Monumento nacional Cabrillo (CABR por sus siglas en inglés), el Parque nacional Channel Islands (CHIS) y el Área
Nacional de Recreación Montañas de Santa Mónica (SAMO por sus siglas en inglés). Este trabajo extiende la información sobre recursos paleontológicos que se había reunido anteriormente sobre cada uno de los parques en el año 2003 y
durante la investigación paleontológica del SAMO del año 2004. Los fósiles de plantas, los invertebrados, los vertebrados y las huellas fósiles representan la vida marina y la vida terrestre de la costa del sur de California ancestral. Se
describieron 38 taxones de fósiles que se descubrieron dentro de los límites del SAMO, y se describieron 19 taxones más
del CHIS. Entre los restos fósiles relevantes que se encontraron dentro del MEDN, se pueden mencionar mamuts pigmeos de CHIS, que continúan siendo objeto de investigación científica. La investigación reciente que se realizó en el
SAMO contribuyó a refinar la interpretación estratigráfica de la geología del parque; aportó documentación adicional
sobre la flora y la fauna del Mioceno; y permitió describir nuevos taxones, incluyendo el gasterópodo del período Cretácico Superior Pyropsis aldersoni (Squires 2011) y el cangrejo del Paleoceno Costacopluma squiresi (Nyborg et al. 2009).
El inventario reciente de recursos paleontológicos del MEDN contribuirá a fomentar la investigación, la educación, la
interpretación y el control adecuado de estos importantes recursos paleontológicos en el futuro.
ACRONYMS AND ABBREVIATIONS.—CAS – California Academy of Sciences, San Francisco, California; CABR – Cabrillo
National Monument; CHIS – Channel Islands National Park; LACM – Natural History Museum of Los Angeles County,
Los Angeles, California; LACMIP – Invertebrate Paleontology Collections, Natural History Museum of Los Angeles
County; Ma – megaanum (million years ago); MEDN – Mediterranean Coast Inventory and Monitoring Network; NPS –
National Park Service; SAMO – Santa Monica Mountains National Recreation Area; SDNHM – San Diego Natural History Museum; UCMP – University of California Museum of Paleontology, Berkeley, California.

The National Park Service Inventory and
Monitoring Program was established to coordinate baseline natural resource inventories

and to develop methods and strategies for
monitoring various natural resources within
the National Park Service (NPS) areas. To this

1Tweet Paleo-Consulting, 9149 79th Street South, Cottage Grove, MN 55016. E-mail: jtweet.nps.paleo@gmail.com
2National Park Service, Geologic Resources Division, 1201 Eye Street NW, Washington, DC 20005.
3National Park Service, Geologic Resources Division, Box 25287, Denver, CO 80225.

68

2014]

NPS FOSSIL RESOURCES OF SOUTHERN CA

69

Fig. 1. Map of the Mediterranean Coast Network.

end, the 270 NPS units with significant natural resources have been divided into 32 networks based on their shared natural features
and systems. Among these networks is the
Mediterranean Coast Network (MEDN), which
encompasses the southern third of the California coast (Fig. 1). Within the MEDN are 3 park
units: Cabrillo National Monument (CABR),
Channel Islands National Park (CHIS), and
Santa Monica Mountains National Recreation
Area (SAMO). Although none of these units
were created with fossil resources in mind,
each of them includes abundant fossils. In fact,
CHIS and SAMO have some of the most extensive fossil records of any NPS unit.
The original MEDN paleontological inventory (Koch and Santucci 2003) was the second
such inventory report to be produced and was
approved in June 2003. At the time, resources
for the network inventory project were limited, and the project was in its infancy. As a
result, the 2003 report is much shorter and
less detailed than more recent reports, and it
does not deal with all the topics that more
recent reports include. Additionally, since then
the NPS changed the format for inventory
reports. Upon completion of the last network
reports in 2011, we turned our attention to the

earliest issued reports, with aims of incorporating our advances in research and presentation and updating the information to the new
standard format. The resulting revised Mediterranean Coast Network paleontological inventory (Tweet et al. 2012) is the second revised report. This report takes full advantage
of what has been learned during the previous
decade of preparing inventories and incorporates nearly 10 years of new research and discoveries. What follows is a brief summary of
the paleontological resources of the 3 MEDN
parks.
CABRILLO NATIONAL MONUMENT
Cabrillo National Monument (CABR) protects an area at the tip of Point Loma in San
Diego. It commemorates the landing of explorer Juan Rodríguez Cabrillo in 1542. Point
Loma has been known to yield fossils since
the late 19th century (Cooper 1894, Anderson
1902). Many fossils can be seen along the
coast in CABR and in the monument’s wellknown tidal pools. Constant coastal erosion at
CABR can rapidly expose and destroy fossils,
which presents challenges to their management and protection.
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Fig. 2. A cycad leaf from Cabrillo National Monument (CABR) (SDMNH 48361).
TABLE 1. Stratigraphic units exposed within Cabrillo
National Monument (CABR).
Period/Age

Geologic unit

Quaternary
2.59–0 Ma

“Bay Point Formation”
“Lindavista Formation”

Cretaceous
145.0–66.0 Ma

Cabrillo Formation
Point Loma Formation

CABR has bedrock of Upper Cretaceous
marine formations, with overlying deposits of
Pleistocene marine and coastal sediments in
some areas (Table 1; Kennedy 1975, Kennedy
and Tan 2008). Both the Cretaceous and Pleistocene units have produced fossils within the
monument, many of which are now curated at
the LACM (primarily the LACMIP), SDNHM,
and UCMP (Tweet et al. 2012).
The Cretaceous strata include 2 formations:
the Point Loma Formation and the overlying
Cabrillo Formation (Kennedy 1975, Kennedy
and Tan 2008). These 2 formations are part of
a submarine fan complex, extending perhaps as
far as the continental rise and deposited during the Campanian and Maastrichtian stages of
the Late Cretaceous (between approximately
84 and 66 Ma; Kennedy and Moore 1971, Nilsen and Abbott 1979). Fossils from the Point
Loma Formation within CABR include a rare
cycad leaf (Fig. 2; Koch and Santucci 2003)
and abundant invertebrate burrows (Fig. 3;
Tweet et al. 2012). Ammonites with attached
bivalves, a partial mosasaur jaw (Koch and
Santucci 2003), and a hadrosaurid dinosaur

specimen have been found near but outside
the monument on the Point Loma peninsula
(Hilton 2003), and a variety of other marine
fossils are known from the formation on the
peninsula as well (Tweet et al. 2012).
The Cabrillo Formation of CABR has yielded
significant fossils, documented primarily by
Dawson (1978), who reported wood fragments,
corals, brachiopods, bivalves, ammonites, gastropods, and echinoderms. These fossils were
probably reworked from the underlying Point
Loma Formation or older deposits of the Cabrillo Formation itself (Dawson 1978). Koch
and Santucci (2003) reported that a tooth of
the shark Squalicorax was found either just
within or just outside of CABR. Other marine
fossils have been found elsewhere in the Cabrillo Formation on the Point Loma peninsula
(Tweet et al. 2012); both formations are exposed in many parts of CABR, and these other
types of fossils have the potential to be found
in the monument.
The Pleistocene deposits of the monument
are primarily associated with several marine
terraces, including the Nestor Terrace and Bird
Rock Terrace (Kennedy and Tan 2008). The
Nestor Terrace dates to about 120,000 years ago,
and the younger Bird Rock Terrace dates to
about 80,000 years ago (Muhs et al. 1994, 2002).
Sediments from an older marine highstand,
perhaps 855,000 years old (Kern and Rockwell
1992), can be found in the higher elevations
of the monument (Kennedy and Tan 2008).
The Nestor Terrace has proved extensively
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Fig. 3. Invertebrate burrows at Cabrillo National Monument (CABR).

fossiliferous within CABR, with several fossil
localities yielding abundant bivalves and gastropods as well as sponges, corals, bryozoans,
chitons, barnacles, crabs, and bony fish (Kern
1977, Tweet et al. 2012).
CHANNEL ISLANDS NATIONAL PARK
Channel Islands National Park (CHIS) protects the natural and cultural resources of 5
of the 8 Channel Islands of California. These
islands include (from west to east) San Miguel
Island, Santa Rosa Island, Santa Cruz Island,
Anacapa Island, and Santa Barbara Island. The
last is isolated to the southeast of the others.
Each island has somewhat different geology,
but all have broadly similar geologic histories
(Table 2). Sedimentary deposition is mostly marine from the Cretaceous into the Miocene,
with a brief but voluminous mid-Miocene volcanic event. A depositional hiatus exists from
the end of the Miocene until the Quaternary.
The Quaternary includes coastal marine and

terrestrial deposition. The 4 northern islands
were periodically connected during the Quaternary because of low sea levels (Palmer 2004,
Tweet et al. 2012).
The 4 northern islands are part of the
Transverse Ranges, which underwent significant changes in location and orientation during the Middle Cenozoic in response to major
tectonic events (Atwater 1998, Weigand et al.
2002). Briefly, as the Farallon Plate was subducted beneath the North American Plate during the Mesozoic and early Cenozoic, small fragments “caught” onto the continent, setting off a
chain of events that disrupted the many small
crustal fragments attached to the continent
(Weigand et al. 2002). The Transverse Ranges
were wrenched out of place around 19 Ma
(Weigand et al. 2002), rotated approximately
90° clockwise, and moved north of San Diego
(Bartling and Abbott 1983).
With the exception of some marine microfossils and bivalves from Upper Cretaceous
rocks on San Miguel Island (Weaver 1969), the
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TABLE 2. Stratigraphic units exposed within the 3 large islands of Channel Islands National Park (CHIS). Units on
Anacapa and Santa Barbara islands are limited to Quaternary rocks and sediments over Middle Miocene volcanics and
interbedded sedimentary rocks. Miocene units on the 3 large islands have complex relationships, simplified here.
Period/Epoch

Age

San Miguel Island

Santa Rosa Island

Santa Cruz Island

Quaternary

2.59–0 Ma

Quaternary rocks
& deposits

Quaternary rocks
& deposits

Miocene

23.01–5.33 Ma

Oligocene
Eocene

33.9–23.01 Ma
56.0–33.9 Ma

Monterey Formation
Beechers Bay Fm.
San Miguel Island Volcs. San Onofre Breccia
Monterey Formation
Santa Rosa Island
Volcanics
Rincon Formation
Vaqueros Formation
Vaqueros/Rincon Fm.
Sespe Formation
South Point Formation
Cozy Dell Formation
South Point Formation

Quaternary rocks
& deposits
Middle Anchorage Fm.
Potato Harbor Formation
Blanca Formation
Monterey Formation
Beechers Bay Formation
Santa Cruz Island
Volcanics
San Onofre Breccia
Rincon Formation
Vaqueros Formation

Paleocene
Cretaceous

66.0–56.0 Ma
145.0–66.0 Ma

Jurassic

201.3–145.0 Ma

Pozo–Cañada Formation
(undifferentiated)
Upper Cretaceous rocks

fossils of CHIS are Cenozoic. The bulk of the
pre-Pleistocene record consists of marine microfossils and mollusks. San Miguel, Santa Cruz,
and Santa Rosa islands have yielded Paleocene,
Eocene, and Oligocene fossils (Bereskin and Edwards 1969, Doerner 1969, Weaver and Doerner 1969). The most diverse of these Paleogene fossil assemblages comes from Santa Cruz
Island, where a series of formations ranging
in age from the Late Paleocene to the Early
Miocene have yielded fossils including coccoliths, foraminiferans, bryozoans, brachiopods, bivalves, gastropods, scaphopods, barnacles, echinoids, shark and ray teeth, and possible whale
bones (Bereskin and Edwards 1969, Doerner
1969). The tectonically and volcanically active
Miocene of CHIS is represented by fossiliferous strata on all 5 islands. For the most part,
the fossil assemblages from these formations are
similar to the Paleogene assemblage (Tweet et
al. 2012). One notable difference is the appearance of rare marine mammal material, as seen
on Santa Cruz Island. Cetacean fossils have
been reported from the Santa Cruz Island Volcanics and Monterey Formation (Weaver and
Meyer 1969), and a skull and vertebrae from
the Monterey Formation represent a new genus
and species of desmostylian (Barnes and ArandaManteca 1997).

Cozy Dell Formation
Jolla Vieja Formation
Cañada Formation
Pozo Formation

Upper Cretaceous rocks? Upper Cretaceous sed.
rocks
Alamos Tonalite
Metamorphic & igneous
rocks

The Pleistocene and Holocene fossils of
CHIS are by far the best-known fossils of the
park to the public, exemplified by the famous
pygmy mammoth Mammuthus exilis (Fig. 4).
The alternation of marine and terrestrial deposition has given each of the 5 islands a combination of marine and terrestrial fossils (Tweet
et al. 2012). The Quaternary fossils of the islands are of interest not just to paleontologists
but also to archeologists because the islands
have yielded human remains among the oldest
in the Americas. Arlington Springs Man, from
Santa Rosa Island, lived over 13,000 calibrated
radiocarbon years ago at the end of the Pleistocene (Chawkins 2006, Dandridge 2006), and
many areas have been inhabited over the entire Holocene. Fossils associated with cultural
contexts, such as from long-term fishing sites,
have been the subject of several publications
(Erlandson et al. 1999, 2008, 2011, Rick and
Erlandson 2000, Rick et al. 2001, 2008, 2009,
Reeder et al. 2008). An early impetus to the
study of the islands’ mammoths was the possibility that humans hunted and coexisted with
the animals (Orr 1956, 1968). With improved
dating techniques and the discovery of more
fossils, it now appears that mammoths went
extinct at approximately the same time humans appear on the islands (Agenbroad et al.
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Fig. 4. The pygmy mammoth discovery of 1994 on Santa Rosa Island.

Fig. 5. A “fossil forest” on San Miguel Island.

2005). The discovery of a nearly complete
pygmy mammoth skeleton in 1994 renewed
interest in the fossils of the islands (Agenbroad
and Morris 1999), and numerous publications
concerning these animals have appeared, the
most recent being Agenbroad (2012).
Although the pygmy mammoths have received the most attention, many other types
of Quaternary fossils are known from the islands. Calcified plant roots and trunks are found
on San Miguel Island (Fig. 5) and Santa Rosa

Island (Johnson 1967). They are particularly
well developed on San Miguel Island, where
they form “fossil forests” (Palmer 2004). Santa
Cruz Island is home to a small Late Pleistocene floral assemblage, including 9 species of
trees, shrubs, and herbs. These plants would
have formed a woodland comparable to what
is now found around Fort Bragg, Mendocino
County, California, 685 km (425 miles) to the
north-northwest (Chaney and Mason 1930).
Among the unusual components is Douglas-fir,
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which is now not found within 100 km (60 miles)
of the island (Anderson et al. 2008).
Quaternary marine invertebrates from the
islands are of interest for studies of paleoclimate, paleoceanography, and distribution of
species. Two examples of invertebrate assemblages have been described from Anacapa Island (Lipps et al. 1968) and Santa Barbara Island
(Valentine and Lipps 1963). The terrestrial gastropod Helminthoglypta ayresiana is exceedingly abundant on San Miguel Island. Johnson
(1971) estimated that millions of specimens
were present. Anacapa Island (Lipps 1964),
San Miguel Island (Guthrie 2005), and Santa
Rosa Island (Guthrie 1998) have produced a
number of Quaternary bird fossils. San Miguel
Island has yielded over 17,000 bones from 61
species of birds, as well as eggshells. The specimens have been collected from 19 sites, including seabird nesting colonies, owl roosts,
and eagle nests. The vast majority of the bones
come from 4 species of seabirds: the extinct
puffin Fratercula dowi, Cassin’s Auklet (Ptychoramphus aleuticus), Ancient Murrelet (Synthliboramphus antiquus), and the extinct flightless
sea duck Chendytes lawi (Guthrie 2005). Columbian mammoths are also present: they arrived by swimming from the mainland and are
thought to be the ancestors of the pygmy mammoths (Agenbroad 2012).
Finally, the islands are known as the home
of extinct “giant deer mice,” which were among
the few mammal species present during Pleistocene isolation. Extinct deer mice are represented by Peromyscus anyapahensis from Anacapa Island (White 1966) and the more recent
Peromyscus nesodytes (Wilson 1936). The latter species is well known from Santa Rosa Island (Orr 1962), where thousands of bones have
been found in owl pellets (Tweet et al. 2012).
The species persisted until approximately 8000
years ago (Knowlton et al. 2007).
Fossils from CHIS have been researched for
over a century and are curated by several institutions. The Santa Barbara Museum of Natural History has been the official repository for
CHIS since 1994 (Agenbroad 2012). Other
significant collections are at the Academy of
Natural Sciences of Drexel University, CAS,
LACM (primarily the LACMIP), SDNHM,
UCMP, and the University of California at
Santa Barbara. Among the described fossils
from CHIS islands are the type specimens of
19 extinct species, subspecies, and varieties.

[Volume 7

The 19 taxa named from fossils found on the islands include 9 bivalves, 5 gastropods, 2 echinoids, 2 Pleistocene deer mice, and Mammuthus exilis. Most are from the Oligocene and
Miocene rocks of Santa Rosa Island; but Anacapa, San Miguel, and Santa Cruz islands have
also been sources of new species (Tweet et al.
2012).
SANTA MONICA MOUNTAINS NATIONAL
RECREATION AREA
Santa Monica Mountains National Recreation Area (SAMO) protects a large area along
the spine of the Santa Monica Mountains and
part of the Simi Hills in Los Angeles and Ventura counties. The recreation area has one of
the most extensive and diverse fossil records
in the National Park System and should be
considered among the top NPS units with fossils. Reasons for this position of importance
include its large land area, numerous fossiliferous formations, abundant outcrops, and proximity to Los Angeles and the city’s many universities and geoscientists. The complicated
geology and long history of exploration by many
researchers have also given the Santa Monica
Mountains multiple systems of nomenclature
(Fritsche 1993), which can make stratigraphic
and paleontologic research confusing. SAMO
and CHIS have many broad geologic events
in common because both are part of the Transverse Ranges (Atwater 1998). The rock record
of the recreation area encompasses the Upper
Jurassic, Cretaceous, and Cenozoic (Table 3).
From the Upper Cretaceous to the Holocene,
there are relatively few depositional hiatuses
(Koch et al. 2004, Tweet et al. 2012).
The exposed geologic history of SAMO begins with moderately metamorphosed Jurassic
sedimentary rocks and Early Cretaceous igneous and metamorphic rocks, reflecting SAMO’s
origin as part of a volcanic arc (Sorenson 1985).
Although there are some Late Jurassic bivalve
fossils that may be from within SAMO (Imlay
1963), the fossil record of the recreation area essentially begins in the Late Cretaceous. A Late
Cretaceous mollusk-dominated fauna has been
known since at least the 1910s (Waring 1917).
Marine fossils are found in several formations
through the Paleocene and into the Eocene
(Waring 1917, Hoots 1931, Yerkes and Campbell 1979, Koch et al. 2004). Microbial limestones (Hoots 1931, Mack 1993) and crabs
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TABLE 3. Stratigraphic units exposed within Santa Monica Mountains National Recreation Area (SAMO), divided
between the main portion of the park, the portion in the Simi Hills, and the portion south of the Malibu Coast Fault.
Period/Epoch

Age

Santa Monica Mountains

Quaternary

2.59–0 Ma

Quaternary rocks & deposits
Saugus Formation

Pliocene
Miocene

5.33–2.59 Ma
23.01–5.33 Ma

Unnamed rocks & deposits
Modelo/Monterey Formation
Calabasas/Upper Topanga
Formation
Conejo Volcanics
Topanga Canyon/Lower
Topanga Fm.

Oligocene
Eocene

33.9–23.01 Ma
56.0–33.9 Ma

Paleocene

Simi Hills Section

South of Malibu
Coast Fault

Monterey Fm.
Zuma Volcanics
Trancas Fm.

Vaqueros Formation
Sespe Formation
Llajas Formation

Llajas Formation
Santa Susana Formation

Santa Susana/Coal Canyon Fm.
Simi Conglomerate
Tuna Canyon Formation
Trabuco Formation
Lower Cretaceous intrusives
Santa Monica Schist

Las Virgenes Sandstone
Simi Conglomerate
Chatsworth Fm.

66.0–56.0 Ma

Cretaceous

145.0–66.0 Ma

Jurassic

201.3–145.0 Ma

(Fig. 6; Squires 1980, Nyborg et al. 2009) are
among the more unusual fossils of the Paleocene rocks found in and around the eastern
part of the recreation area, which is also the
source of several new species of mollusks
(Tweet et al. 2012).
In the Santa Monica Mountains, the Middle Cenozoic was a time when a coastal terrestrial setting was replaced by a marine setting
over the course of millions of years and several
smaller transgression-regression cycles (Yerkes
and Campbell 1979, Lander 2011). This process occurred against the larger tectonic backdrop discussed above for CHIS. The primary
terrestrial formation, the Sespe Formation, has
only recently begun to yield fossils in the recreation area, including bones of frogs, tortoises,
rodents, pikas, and camels of the Lower and
Upper Piuma Road local faunas (Whistler and
Lander 2003, Lander 2011). A marine tongue
is interposed between the local faunas, and it
features logs and palm fronds as well as snails,
ray teeth, and mammal bones (Lander 2011).
These rocks are overlaid by the Topanga Canyon Formation (also known as the Lower Topanga Formation), one of the most fossiliferous
rock units in SAMO. This variable unit, with
both marine and terrestrial deposition (Flack
1993), has terrestrial fossils of land plants,

Catalina Schist?

small reptiles, and mammals (Lander 2011) and
abundant marine fossils, especially mollusks
(Fig. 7; Koch et al. 2004). Mollusks have been
collected from these rocks since the beginning
of the 20th century (Arnold 1907), with important localities in Topanga and Old Topanga
canyons (Campbell et al. 2007), such as the locally popular Amphitheater locality (Koch et al.
2004). Fossils from Topanga and Old Topanga
canyons include the remains of bivalves, gastropods, barnacles, crabs, echinoids, sharks and
rays, ray-finned fish, sea lions, and whales (Lander 2011). Among these fossils are a number of
new species of mollusks (Arnold 1907, Tweet
et al. 2012).
The Topanga Canyon/Lower Topanga Formation is overlaid by the Conejo Volcanics, a
thick sequence of volcanic rocks with interbedded sedimentary rocks (Yerkes and Campbell 1979) and early marine and younger subaerial components (Williams 1983). Stanton
and Alderson (2013) described a mollusk-dominated fossil assemblage in this formation in
eastern SAMO, representing transported fossils. A plant assemblage is known from just
outside of SAMO (Stadum and Weigand 1999).
The youngest unit of this sequence, the Calabasas or Upper Topanga Formation, is not
known for its fossils to the same extent as the
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Fig. 6. Cyclocorystes aldersoni Squires 1980, dorsal view (holotype LACMIP 5863), from the Paleocene Santa Susana
Formation (also known as the Coal Canyon Formation) of Santa Monica Mountains National Recreation Area (SAMO).
Photo by Caitlin De La Cruz, LACM.

Fig. 7. Anadara (Anadara) topangaensis Reinhart 1943, right valve (holotype LACMIP 10095 [ex UCLA 3258]), from
the Miocene Topanga Canyon Formation of Santa Monica Mountains National Recreation Area (SAMO). Photo by
Caitlin De La Cruz, LACM.

older formations; but it does have several
microfossil localities in the recreation area
(Yerkes and Campbell 1979, Campbell and
Yerkes 1980).

One of the most outstanding fossiliferous formations of SAMO is the marine Middle–Upper
Miocene Modelo Formation. It is best known
for its fish fauna (Fig. 8), produced primarily
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Fig. 8. Sardra stockii, a fish from the Modelo Formation of Santa Monica Mountains National Recreation Area
(SAMO) (holotype LACM 1059).

from several localities in and around the eastern end of SAMO. A half-dozen species of fish
were named from specimens probably recovered from land now within the recreation area’s
boundaries (David 1943). Another notable group
of fossils from the recreation area and immediate vicinity is an assemblage of rare seaweeds
(Parker and Dawson 1965). Egg cases of argonaut cephalopods have also been described (Saul
and Stadum 2005). Other more typical fossils
discovered in the formation within SAMO include several groups of marine microfossils,
bivalves, gastropods, and echinoids and a few
marine mammal bones (Hoots 1931). Good
specimens of birds (Miller 1929, Howard 1958,
1962) and dolphins (Barnes 1985) have been
found just outside of SAMO.
The Upper Pliocene and Quaternary are also
well represented by fossils in SAMO, particularly in the vicinity of Temescal and Potrero
canyons in the southeastern part of the recreation area (Arnold 1907, Hoots 1931). The oldest
fossils from these deposits are mostly marine
invertebrates (Arnold 1907, Hoots 1931), but
pinecones from the Lower Pleistocene have
been recovered from Potrero Canyon (Axelrod
1967). Potrero Canyon is also the source of
tens of thousands of Upper Pleistocene mollusks, but unfortunately most of the deposits
have been destroyed by construction projects
(Valentine 1956). Another fauna of comparable

age is known from Escondido Beach (Addicott
1964). Representatives of the extinct Pleistocene
megafauna have been recovered from Zuma
Creek where a substantial fauna is present (Koch
et al. 2004) but has not been described in detail.
Of the 3 MEDN units, SAMO has seen the
most work since the publication of the original MEDN paleontological inventory (Koch
and Santucci 2003). In addition to the dedicated SAMO inventory (Koch et al. 2004), there
have been other notable publications, including (1) several papers on Cretaceous and Paleocene mollusks that include SAMO specimens
(Squires and Saul 2006, 2007, 2009); (2) more
work on the Middle Cenozoic mammals, summarized by Lander (2011); (3) a description
of the Conejo Volcanics invertebrates (Stanton
and Alderson 2013); (4) a publication including Zuma Creek fossils of the extinct Californian Turkey Meleagris californica (Bocheński
and Campbell 2006); and (5) the description
of 2 new invertebrates from specimens found
within SAMO: the crab Costacopluma squiresi
(Nyborg et al. 2009) and the gastropod Pyropsis aldersoni (Squires 2011). The enormous size
and complex geology of the recreation area ensure that there are many remaining questions
to be answered and outcrops to be explored.
The majority of fossils collected from SAMO
are in the collections of the LACM (primarily
the LACMIP), which includes not only its own
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collections but several orphaned collections
that were transferred to the LACM, such as
the fossils originally held at the California Institute of Technology. Other collections of note
can be found at the CAS, SDNHM, UCMP,
and the National Museum of Natural History.
Additionally, many private collectors have gathered fossils from lands now within the recreation area (Koch et al. 2004), some of which
have been donated to the LACMIP. Among the
specimens from SAMO are the type specimens for at least 38 taxa. These include 15
gastropods, 7 seaweeds, 6 bivalves, 6 fish, 2
ammonites, and 2 crabs. Seven are from the
Upper Cretaceous Tuna Canyon Formation, 3
are from the Paleocene Coal Canyon or Santa
Susana Formation, 15 are from the Miocene
Topanga Canyon/Lower Topanga Formation,
and 13 are from the Miocene Modelo Formation (Tweet et al. 2012).
FUTURE RESEARCH
All 3 MEDN units are paleontologically rich
and warrant further exploration. CABR, because
of its ongoing erosion, could be aided by a
detailed geological survey that establishes
the location of particularly fossiliferous zones
for resource management. The geology of CHIS
was studied in great detail in the 1960s, but
there has been relatively little new work on the
pre-Quaternary rocks and fossils since that time.
Continuing research on the pygmy mammoths
and Holocene sites associated with human
occupation are also areas of priority. Finally,
SAMO has the most potential for further discoveries. Its many acres no doubt hold important undiscovered fossils, and its proximity to
Los Angeles makes it a convenient study area for
professional paleontologists and graduate and
undergraduate students in need of projects.
Likewise, the MEDN borders a substantial
geoscience community in southern California,
and park staff should be encouraged to establish and maintain contacts. There should also
be some provision to establish and maintain a
library of relevant publications and maps, and
the latter would be particularly helpful for
SAMO because of its complex boundaries and
land ownership.
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INTERPRETING THE PALEOZOOGEOGRAPHY AND SEA LEVEL HISTORY
OF THERMALLY ANOMALOUS MARINE TERRACE FAUNAS: A CASE
STUDY FROM THE LAST INTERGLACIAL COMPLEX OF
SAN CLEMENTE ISLAND, CALIFORNIA
Daniel R. Muhs1,3, Lindsey T. Groves2, and R. Randall Schumann1
ABSTRACT.—Marine invertebrate faunas with mixtures of extralimital southern and extralimital northern faunal elements,
called thermally anomalous faunas, have been recognized for more than a century in the Quaternary marine terrace
record of the Pacific Coast of North America. Although many mechanisms have been proposed to explain this phenomenon, no single explanation seems to be applicable to all localities where thermally anomalous faunas have been
observed. Here, we describe one such thermally anomalous fossil fauna that was studied on the second emergent
marine terrace at Eel Point on San Clemente Island. The Eel Point terrace complex is a composite feature, consisting of
a narrow upper bench (terrace 2a) and a broader lower bench (terrace 2b). Terrace 2b, previously dated from ~128 ka to
~114 ka, was thought to date solely to marine isotope stage (MIS) 5.5, representing the peak of the last interglacial
period. Nevertheless, the fauna contains an extralimital northern species and several northward-ranging species, as well
as an extralimital southern species and several southward-ranging species. Similar faunas with thermally anomalous elements have also been reported from San Nicolas Island, Point Loma (San Diego County), and Cayucos (San Luis Obispo
County), California. U-series dating of corals at those localities shows that the thermally anomalous faunas may be the
result of mixing of fossils from both the ~100-ka (cool-water) and the ~120-ka (warm-water) sea level high stands. Submergence, erosion, and fossil mixing of the ~120-ka terraces by the ~100-ka high-sea stand may have been possible due
to glacial isostatic adjustment (GIA) effects on North America, which could have resulted in a higher-than-present local
sea level stand at ~100 ka. The terrace elevation spacing on San Clemente Island is very similar to that on San Nicolas
Island, and we hypothesize that a similar mixing took place on San Clemente Island. Existing fossil records from older
terraces elsewhere in California also show thermally anomalous elements, indicating that the scenario presented here
for the last interglacial complex may have applicability to much of the marine Quaternary record for the Pacific Coast.
RESUMEN.—Durante más de un siglo, se reconocieron faunas marinas de invertebrados con combinaciones de fauna
extralimital del norte y extralimital del sur, denominadas faunas de anomalía térmica, en el registro de terrazas marinas
cuaternarias de la Costa Pacífica de Norteamérica. Se propusieron muchos mecanismos para explicar este fenómeno, sin
embargo no se puede utilizar la misma explicación en todas las localidades en las cuales se observó. En este estudio
describimos fósiles de una fauna de anomalía térmica que se estudió en la segunda terraza marina emergente en Eel
Point (Punta Anguila), en la Isla San Clemente. El complejo de la terraza de Eel Point es un compuesto, que consiste en
una elevación superior angosta (“terraza 2a”) y una elevación inferior más ancha (“terraza 2b”). Se consideró que la terraza 2b, de aproximadamente 128 mil años a 114 mil años, databa únicamente de la época de los estadios isotópicos
marinos (MIS, por sus siglas en inglés) 5.5, que representan el punto máximo del último período interglaciar. Sin
embargo, la fauna contiene una especie extralimital del norte y especies que tienden a ubicarse en el norte y una especie
extralimital del sur y especies que tienden a ubicarse en el sur. También se registraron faunas de características similares con elementos de anomalía térmica en la Isla de San Nicolás, Point Loma (condado de San Diego) y Cayucos (condado de San Luis Obispo), California. La datación con el método de Series de Uranio de corales en esos lugares muestra
que las faunas de anomalía térmica pueden ser el resultado de la mezcla de fósiles de hace aproximadamente 100 mil
años (aguas frescas) y 120 mil años (aguas tibias). La mezcla de fósiles, el sumergimiento y la erosión de las terrazas de
hace aproximadamente 120 mil años por el nivel del mar alto de hace aproximadamente 100 mil años han sido posibles
debido a los efectos de ajuste isostático glacial (GIA, por sus siglas en inglés) en Norteamérica, que podría haber dado
como resultado un nivel del mar local más elevado que el actual. El espaciado de la elevación de la terraza en la Isla
San Clemente es similar al de la Isla de San Nicolás, y suponemos que en la Isla San Clemente se produjo una mezcla
similar. Los registros de fósiles existentes de terrazas más antiguas en otros lugares de California también muestran la
existencia de elementos con anomalía térmica, lo cual indica que es posible que la hipótesis que presentamos en el este
trabajo de investigación sobre el último complejo interglaciar se pueda aplicar a una parte considerable del registro cuaternario marino de la Costa del Pacífico.

1U.S. Geological Survey, MS 980, Box 25046, Federal Center, Denver, CO 80225.
2Section of Malacology, Natural History Museum of Los Angeles County, 900 Exposition Blvd., Los Angeles, CA 90007.
3E-mail: dmuhs@usgs.gov
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Fig. 1. Faunal provinces, or “biogeographic units” (cf. Belanger et al. 2012), of the Pacific and Arctic coasts of North
America, as defined by Valentine (1973).

With the prospect of a warmer future earth,
there is considerable interest in studying past
warm periods in the geologic record. One such
period that has received attention is the last
interglacial period (LIG), when global ice volume was significantly lower than today, based
on sea level studies (Kopp et al. 2009, Muhs et
al. 2011, Dutton and Lambeck 2012). Reconstructions of sea surface temperatures (SSTs)
from deep-sea core data (foraminifera, radiolarians, diatoms, coccoliths, and alkenones)
show that while globally the LIG was only
slightly warmer than present, there were significant regional differences from the global
average (Turney and Jones 2010, McKay et al.
2011). These latter studies show that in middle to high latitudes (30° N to 70° N) of both
the Atlantic Ocean and Pacific Ocean, LIG
SSTs may have been significantly warmer than
present, by up to ~4 °C. In order to assess the
possible implications of such regional warming in the future, it is important to confirm
that the deep-sea core record of past warming
is reliable.

In addition to marine cores, estimates of
LIG paleotemperatures in middle- to high-latitude regions can be generated from fossils of
shallow-water marine invertebrates, particularly mollusks. Faunal provinces for marine
invertebrates, also referred to as global biogeographic units, have been developed by a number of investigators over many decades. Two of
the best-known attempts are those of Valentine
(1973) and Spalding et al. (2007). The Valentine
(1973) scheme (Fig. 1) is based largely on
shared species and species diversity, whereas
the Spalding et al. (2007) scheme is based
mostly on patterns of endemism. Belanger et
al. (2012) showed that biogeographic units for
both schemes can be predicted with 89%–
100% accuracy by a very limited number of
variables—principally temperature, salinity, and
productivity. In fact, temperature alone correctly predicts 53%–99% of the biogeographic
structure along coastlines globally. Thus, fossil
marine invertebrate records from emergent
marine terraces provide a powerful means of
estimating marine paleotemperature ranges.
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Fig. 2. Detailed depiction of faunal provinces and subprovinces of the Pacific Coast of North America, as defined by
Valentine (1966, 1973). Also shown is the location of San Clemente Island and other localities referred to in the text.

On the Pacific Coast of North America, faunal province boundaries correspond, at least
in part, to major changes in the physical geography of the continental margin, such as shifts
in the orientation of the coastline that modify
ocean currents (Fig. 2). Comparisons of fossil

mollusks in marine terrace deposits to modern
faunal provinces along the Pacific Coast has
allowed inferences about changes in marine
paleoclimate. For example, fossil localities
within what is now the Californian province
might contain species that today are found
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only within the Surian or Panamic (or Panamanian) province, thus implying warmer waters in the past. Similarly, fossil localities in
what is now the Californian province that contain species now found only in the Oregonian
province would imply cooler-than-present waters in the past.
For more than a hundred years, the Quaternary fossil record of Pacific Coast marine terraces has generated a rich literature on past
marine climates (Arnold 1903, Grant and Gale
1931, Woodring et al. 1946, Woodring 1957,
Valentine 1958, 1961, 1962, 1980, Kanakoff and
Emerson 1959, Valentine and Meade 1961,
Vedder and Norris 1963, Addicott 1966, Lipps
et al. 1968, Kern 1977, Kennedy 1978, 2000,
Susuki and Stadum 1978, Emerson 1980, Lindberg et al. 1980, Emerson et al. 1981, Kennedy et al. 1982, 1992, Muhs et al. 2002a, 2006,
2012a). One problem that has long been recognized in marine terrace fossil studies on the
Pacific Coast is the existence of fossil assemblages with elements that imply contradictory
paleoclimatic interpretations when set in the
context of their modern zoogeography. For
example, a given fossil fauna might contain
some species that presently live only to the
south of that locality (extralimital southern species), as well as some species that currently
live only to the north of it (extralimital northern species). Such faunas with mixed fossils
have been referred to as “thermally anomalous” assemblages.
The cause of these anomalies has been
debated for the better part of a century, with
various mechanisms proposed. These include
(1) northward and southward shifts in marine
isotherms over the course of the Pleistocene
(Smith 1919); (2) reworking of fossils from
older units (Crickmay 1929, Woodring et al.
1946, Woodring 1957, Vedder and Norris 1963);
(3) non-temperature-related factors that govern the composition of a marine community,
such as species competition (Grant and Gale
1931); (4) presence of a cold-water upwelling
cell adjacent to a protected, warm embayment
or at least near a zone where upwelling is less
intense (Valentine 1955, 1980, Vedder and
Norris 1963); (5) storm-wave and longshorecurrent transportation (Woodring et al. 1946);
(6) changes in coastal geography (Woodring et
al. 1946, Vedder and Norris 1963); (7) changes
in physiology that would alter tolerances of
species to different temperature ranges (Wood-
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ring et al. 1946, Woodring 1957, Vedder and
Norris 1963, Kern et al. 1971); (8) local and
temporary current changes bringing extralimital taxa into regions where they do not usually
live (Zinsmeister 1974); (9) response of individualistic species to climate change (Roy et
al. 1995); and (10) greater seasonality due to
orbital forcing in some interglacial periods
compared to the present (Kennedy 2000).
No one mechanism has proved to be completely satisfactory in explaining the thermally
anomalous aspects of some of the Pacific Coast
fossil faunas. Valentine (1955) pointed out that
Smith’s (1919) mechanism of northward and
southward shifts in marine isotherms does not
explain how cool-water and warm-water fossils
can be found at a single locality. Changes in
physiology and species competition mechanisms, as proposed by several investigators,
are almost impossible to test given present
techniques. Modifications in coastal geography, proposed by Woodring et al. (1946) and
Vedder and Norris (1963), do not explain thermally anomalous faunas when there is no geologic evidence that such changes occurred
over the time period of interest. An upwelling
cell adjacent to a warm embayment, proposed
by Valentine (1955, 1980) and Vedder and
Norris (1963), fails to explain fossil mixtures
that are found on outer/exposed and particularly insular coastlines where such thermal
contrasts do not exist. Reworking of fossils
from older units, also proposed by several investigators cited above, cannot be invoked in
those areas where older, fossil-bearing units
are lacking. Although Coan et al. (2000) report
that there have been migrations of southern
bivalves beyond their historic northern range
endpoints during warm El Niño years (supporting the Zinsmeister [1974] model, at least
in part), Roy et al. (1995) point out that such a
mechanism is not likely to explain extralimital
southern forms that are abundant at a given
fossil locality. Emerson (1980) also noted that
this explanation is not consistent with the
diversity of extralimital forms.
Development of amino acid geochronology
explains some of the problems of thermally
anomalous faunas. Aminostratigraphic studies
with good paleontological characterization show
that the assumption of an identical age for the
lowest marine terrace along the Pacific Coast
is incorrect (Wehmiller et al. 1977, Kennedy
1978, Kennedy et al. 1982). Using the marine
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Fig. 3. Map of southern California showing ocean currents (modified from Hendy 2010), location of San Clemente
Island, ODP hole 893A and 1014, and other localities referred to in the text. SRI, Santa Rosa Island; SCI, Santa Cruz
Island; AI, Anacapa Island.

oxygen isotope stage (MIS) terminology of
Martinson et al. (1987), these studies show
that marine terrace deposits with cool-water
faunas correlate to MIS 5.1 (~80 ka) or possibly MIS 5.3 (~100 ka) and those with neutral
(exposed coasts) or warm-water (protected
coasts) faunas are probably correlative with
MIS 5.5 (~120 ka). Subsequent U-series dating of corals from many of these terraces confirms the aminostratigraphic interpretations
(Muhs et al. 2002a, 2006, 2012a).
Here, the LIG fossil record from the second, Eel Point terrace (terrace 2b) on San Clemente Island, California, is examined. San
Clemente Island is ~230 km southeast of Point
Conception and is situated well within the
Californian faunal province (Fig. 2). The California Channel Islands have an unusual diversity in modern marine invertebrate faunas.
San Nicolas Island, for example, is situated far
enough southwest of mainland California that
it is bathed by the innermost part of the cold,

southward-moving California Current but is
west of the warm, northward-flowing Inshore
(Davidson) Countercurrent (Fig. 3). Thus, marine invertebrates off San Nicolas Island and
San Miguel Island have closer zoogeographic
affinities with Cayucos, California (~120 km
northwest of Point Conception; see Fig. 3),
than they do with the other Channel Islands
or mainland southern California to the south
and east of Point Conception (Littler 1980,
Seapy and Littler 1980, 1993, Eernisse et al.
2007). In contrast, Santa Catalina Island and
San Clemente Island, farther south, are closer
to the California mainland and are influenced
more by the warm Inshore Countercurrent
(Fig. 3). Despite the proximity of some islands
to each other and their position within the
Californian faunal province, cluster analyses
of modern marine invertebrate populations
clearly distinguish the northern and outer islands, such as San Miguel and San Nicolas
Islands, from the southern and inner islands,
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Fig. 4. Map showing Quaternary deposits and inferred inner edges of marine terraces on northern San Clemente
Island (from Muhs 1983, as modified by Muhs et al. 2002a) and fossil localities at Eel Point.

such as Santa Catalina and San Clemente
Islands (Seapy and Littler 1980).
GEOMORPHOLOGY OF SAN CLEMENTE ISLAND
Marine terraces are well expressed geomorphically on San Clemente Island (Figs. 4,
5), and terraces on the northern part of the
island were mapped by Muhs (1983). In the
Eel Point area (Fig. 5), at least 9 terraces have
been mapped. The second marine terrace was
informally named “the Eel Point terrace” by

Muhs and Szabo (1982). Muhs et al. (2002a)
proposed an important modification to the earlier mapping of Muhs (1983) with the recognition that what was mapped originally as the
Eel Point terrace contains 2 distinct terrace
platforms (Kennedy et al. 1995, Adler 2003). A
narrow, discontinuous inner terrace found at a
slightly higher elevation was designated “terrace 2a” by Muhs et al. (2002a); and a broader,
continuous outer terrace at a lower elevation
was designated “terrace 2b” (Figs. 4, 5). At
places, there is a still-lower terrace, mostly
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Fig. 5. (a) Detailed map of Quaternary deposits and marine terrace inner edges in the Eel Point area of San Clemente
Island (from Muhs 1983, as modified by Muhs et al. 2002a). (b) View to the south of the Eel Point area, showing the lowest
marine terraces and fossil localities shown in (a).

discontinuous, inset against terrace 2b and
designated “terrace 1.”
In the present work, elevations of the Eel
Point terrace complex were determined using
differential global positioning system (GPS)
measurements. Differentially correcting the
GPS elevations usually results in horizontal and
vertical uncertainties of 30 cm or less. Comparison of GPS-derived elevations with benchmarks and taped elevations elsewhere on the
Channel Islands shows good agreement within

the limits of instrumental uncertainty. Two elevation transects show the geomorphic relationships of the Eel Point terrace complex and
adjacent terraces (Fig. 6). Near West Cove, on
the northern part of the island (Fig. 4), only
low terraces 1, 2b, and 3 are present. Terrace 1
is a narrow feature above the modern bench
and has a shoreline angle (a junction of the
wave-cut bench with the former sea cliff) elevation of 7.8 m. Terrace 2b is a much broader
landform, and thin, nonfossiliferous marine
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Fig. 6. Marine terrace cross sections from 2 shore-normal transects across terraces 3, 2a, 2b, and 1. All elevations are
from differential GPS measurements. Qal, Quaternary alluvium and/or colluvium; Qmt, Quaternary marine terrace
deposits; Tv, Tertiary volcanic rocks.

gravels overlie the wave-cut bench near the
inner edge, at an elevation of 24.5 m. This elevation is slightly below that of the shoreline
angle, which is not exposed. The lowest exposed sea cliff elevation above the shoreline
angle is 28.7 m. Extrapolating the bench elevations landward and the cliff elevations downward, we infer the shoreline angle to be at an
elevation of ~25 m. Near Eel Point itself, terrace 1 is found both to the south and over a
distance of ~1 km to the north (Fig. 4). Unlike
the West Cove area, however, both terraces 2b
and 2a are present, with shoreline angle elevations of 24.1 m and 29.3 m, respectively.
Whereas terrace 2b is a broad (~370 m), wellexpressed landform (Fig. 5), terrace 2a is barely
40 m wide where it occurs inland of Eel Point
(Fig. 6). This geomorphology is very similar to
what Muhs et al. (2012a) also called terraces
2b and 2a on San Nicolas Island. Marine terrace deposits on San Clemente Island are largely
absent from both terraces in this area, except

at Eel Point itself. Here, 2 localities were once
present (Los Angeles County Museum Invertebrate Paleontology [LACMIP] locs. 10725 and
12007); but as of 2006, only the latter remains,
as sea cliff retreat on the north side of Eel
Point removed what was once LACMIP loc.
10725. The present bench elevation near where
LACMIP loc. 10725 was situated is ~12.4 m
above sea level. LACMIP loc. 12007 is ~10.3
m above sea level and is between 2 stacks: one
at ~16.3 m on the west side and one at ~14.3
m on the east side. Fossils at both localities are
(or were) hosted by ~0.5 m of calcareous sand
and gravel. Eolian sand overlies the marine
terrace deposits in places at Eel Point.
AGE OF THE EEL POINT TERRACE
ON SAN CLEMENTE ISLAND
Corals (Balanophyllia elegans) from both
fossil localities on the Eel Point terrace (terrace 2b) date to the peak of the last interglacial
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Fig. 7. Isotopic evolution curves (dashed lines) showing sympathetic variation in 230Th/238U and 234U/238U activity
ratios over time in materials with no initial 230Th and with 3 different initial 234U/238U activity ratios that define the
bounds of modern seawater (from Chen et al. 1986). Age in thousands of years (ka) is shown by isochrons (thin solid
lines): (a) Measured values of the solitary coral Balanophyllia elegans from the 3 lowest terraces on San Nicolas Island.
Solid-colored ellipses define the measured values and 2-sigma uncertainties (data from Muhs et al. 2012a); (b) Similar
data for the 2 fossil localities at Eel Point on San Clemente Island (data from Muhs et al. 2002a).

period, ~128 ka to ~114 ka (Muhs et al. 2002a).
All corals from Eel Point have U contents of
3.4–4.6 ppm, similar to the range for modern
dead-collected specimens of B. elegans. With
2 exceptions, corals from Eel Point show very
high 230Th/232Th activity values, indicating
little or no inherited 230Th. For San Nicolas
Island, many corals analyzed by Muhs et al.
(2012a) plot well above a theoretical isotopic
evolution pathway that is expected if these fossils had behaved as ideal closed systems with

respect to initial 238U, 234U, and 230Th (Fig.
7a). Corals from San Clemente Island, in contrast, generally plot much closer to the ideal
closed-system isotopic evolution pathway, although a number of corals still show evidence
of at least some open-system behavior (Fig.
7b). In all, 19 of 29 corals analyzed by Muhs et
al. (2002a) have initial 234U/238U values that
range from 1.149 to 1.159, which are indicative of mostly closed-system ages. At worst,
according to the model of Gallup et al. (1994),
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samples with the highest initial 234U/238U values are biased old by only ~2500 years. Overall, apparent ages of the 19 best-behaved corals
from San Clemente Island range from ~128 ka
to ~114 ka. This age range is in good agreement with the ages of LIG corals dated elsewhere in California (Muhs et al. 2002a, 2006,
2012a), as well as on Hawaii, the Florida Keys,
and Curaçao (Muhs et al. 2002b, 2011, 2012b).
The age range of corals from terrace 2b on
San Clemente Island, ~128 ka to ~114 ka, is
similar to that from terrace 2a on San Nicolas
Island (Fig. 7a). Muhs et al. (2012a) analyzed
corals from 4 localities on terrace 2b of San
Nicolas Island. Of these 4 localities, 2 gave
mixed ages of corals (~120 ka and ~100 ka),
one gave only ~100 ka ages, and one gave only
~120 ka ages. In contrast, at Eel Point, the
coral population of terrace 2b is represented
only by fossils of the ~120 ka sea stand. Repeated searches on San Clemente Island for
corals from terrace 2a and other localities on
terrace 2b were unsuccessful.
PALEONTOLOGY AND PALEOZOOGEOGRAPHY
There have been few Quaternary fossil
studies on San Clemente Island. Cockerell
(1939) reported a fauna with 33 species of mollusks from a high (~245–260 m) terrace ~3
km northeast of Eel Point. Susuki and Stadum
(1978) studied Quaternary marine terrace fossils from several localities on the northern part
of the island, some of which are at higher elevations than the Eel Point terrace. One of their
localities (UCLA loc. 6325 = LACMIP loc.
26325), however, is on the east side of San
Clemente Island and is considered to be about
the same age as the Eel Point localities of Muhs
(1983), based on amino acid ratios in Epilucina
californica. At this locality, Susuki and Stadum
(1978) report 18 species of mollusks, 2 of which
(Norrisia norrisii and Volvarina taeniolata) are
mostly southern forms that do not range north
of Point Conception. These investigators also
report a gastropod, Lottia scutum, which lives
mostly north of San Clemente Island today,
based on records from the Natural History Museum of Los Angeles County. Other localities
of Susuki and Stadum (1978) cannot be placed
confidently in the framework of terrace mapping shown in Fig. 4. Lipps (1966) reported a
fossil fauna from a low marine terrace near
Horse Cove on the south end of San Clemente
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Island. This terrace has a shoreline angle elevation of ~30 m and probably correlates with
some part of the Eel Point terrace complex.
The fauna from Horse Cove is discussed in
more detail below.
Only the most abundant elements in the
terrace fauna from the Eel Point localities on
San Clemente Island have been reported previously. Muhs et al. (2002a) noted the presence
of the bivalves Crassadoma gigantea, Cumingia
californica, Epilucina californica, Glans subquadrata (= Glans carpenteri), and Mytilus
californianus. Gastropods reported by these
workers include Acmaea mitra, Crepipatella
lingulata (incorrectly reported as C. dorsata),
Diodora arnoldi, Fissurella volcano, Haliotis
cracherodii, Megathura crenulata, Norrisia norrisii, Chlorostoma funebralis, Zonaria spadicea,
and several species of Lottia. In addition, 2
extralimital southern gastropods, Mexacanthina
lugubris and Stramonita biserialis (the latter
reported by Kennedy et al. 1995), were noted.
The presence of all these taxa is confirmed
here, with the exception of Stramonita biserialis, which was not found in any of the Eel
Point collections.
In the present study, collections made in
1989 and 1999 (reported in Muhs et al. 2002a)
and later collections made in 2006, 2007, and
2012 (reported here) were examined. A much
more diverse fauna is evident in these later
collections (Table 1). The paleozoogeographic
significance of the fauna was assessed by ascertaining the modern ranges of the species using
the latest available sources, including Keen
(1971), Abbott (1974), McLean (1978, 2007), Abbott and Haderlie (1980), Haderlie and Abbott
(1980), Coan et al. (2000), Coan and ValentichScott (2012), and collections of the Natural
History Museum of Los Angeles County, Malacology Section (LACM; see http://ip.nhm.org/
nhmsearch/findlots.php).
At the Eel Point fossil localities on San
Clemente Island, 73 gastropods that could be
identified to species were found, with another
5 that could be identified only to genus. Of the
bivalves, 20 could be identified to species,
with another 2 only to genus. Of the chitons, 3
species could be identified to species and one
only to genus. Overall, the assemblage of more
than 100 taxa represents one of the largest from
open-coast localities in the California Channel
Islands reported thus far. The collection is comparable to the assemblage from a low terrace
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TABLE 1. Marine fossils from Eel Point terrace, San Clemente Island, California.
Taxon/species
MOLLUSCA: Gastropoda
Acanthinucella punctulata (Sowerby, 1835)
Acmaea funiculata Carpenter, 1864
Acmaea mitra Rathke, 1833
Agathistoma eiseni (Jordan, 1936)
Alia tuberosa (Carpenter, 1864)
Alvinia purpurea (Dall, 1871)
Amphissa versicolor Dall, 1871
Antisabia panamensis (C.B. Adams, 1862)
Barleeia sp.
Bellaspira grippi (Dall, 1908)
Bittium sp.
Caecum californicum Dall, 1885
Calliostoma supragranosum Carpenter, 1864
Calliostoma sp., indet.
Ceratostoma nuttalli (Conrad, 1837)
Cerithiopsis sp., indet.
Chlorostoma funebralis (A. Adams, 1855)
Chlorostoma gallina (Forbes, 1852)
Chlorostoma gallina var. multifilosa (Stearns, 1893)
Conus californicus Reeve, 1844
Coronadora simonsae Bartsch, 1946
Crepidula perforans Valenciennes, 1846
Crepidula spp., indet.
Crepipatella lingulata (Gould, 1846)
Cymakra aspersa (Carpenter, 1864)
Dentiscala funiculata (Carpenter, 1857)
Diodora arnoldi McLean, 1966
Diodora aspera (Rathke, 1833)
Epitonium tinctum (Carpenter, 1864)
Fissurella volcano Reeve, 1849
Fissurellidea bimaculata Dall, 1871
Haliotis cracherodii Leach, 1814
Haliotis fulgens Philippi, 1845
Haliotis rufescens Swainson, 1822
Haliotis sp., indet.
Harfordia sp.
Hesperato columbella (Menke, 1847)
Hesperato vitellina (Hinds, 1844)
Hipponix tumens Carpenter, 1864
Homalopoma luridum (Dall, 1885)
Homalopoma radiatum (Dall, 1918)
Homalopoma sp., indet.
Lacuna unifasciata Carpenter, 1857
Liotia fenestrata Carpenter, 1864
Lirobittium purpureum (Carpenter, 1864)
Lirobittium sp., cf. L. quadrifilatum (Carpenter, 1864)
Lirobittium sp.
Lirularia succincta (Carpenter, 1864)
Littorina keenae Rosewater, 1978
Littorina scutulata Gould, 1849
Lottia asmi (Middendorff, 1847)
Lottia digitalis (Rathke, 1833)
Lottia gigantea Sowerby, 1834 [midden?]
Lottia scabra (Gould, 1846)
Lottia sp., indet.
Lucapina constantinae (Kanakoff, 1953)
Lucapinella callomarginata (Dall, 1871)
Maxwellia gemma (Sowerby, 1879)
Megastraea undosa (Wood, 1828)
Megathura crenulata (Sowerby, 1825)
Megasurcula carpenteriana (Gabb, 1865)
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TABLE 1. Continued.
Taxon/species
Mexacanthina lugubris (Sowerby, 1822)
Mitra idae Melvill, 1893
Muricidae, indet. [fragments]
Norrisia norrisii (Sowerby, 1838)
Petaloconchus montereyensis Dall, 1919
Ocinebrina atropurpura (Carpenter, 1865)
Ocinebrina gracillima (Stearns, 1871)
Ocinebrina lurida (Middendorff, 1848)
Ocinebrina minor (Dall, 1919)
Ocinebrina sp., indet.
Pomaulax gibberosa (Dillwyn, 1817)
Promartynia pulligo (Gmelin, 1791)
Pusula californiana (Gray, 1827)
Pusula solandri (Sowerby, 1832)
Seila montereyensis Bartsch, 1907
Serpulorbis squamigerus (Carpenter, 1857)
Stearnsium reginum (Stearns, 1892)
Stylidium eschrichtii (Middendorff, 1849)
Triphora pedroana Bartsch, 1907
Turbonilla (s.l.) sp./spp.
Turridae, indet.
Vermicularia fewkesi (Yates, 1890)
Volvarina taeniolata Mörch, 1860
Williamia peltoides (Carpenter, 1864)
Zonaria spadicea (Swainson, 1823)
MOLLUSCA: Bivalvia
Acar bailyi Bartsch, 1931
Chama arcana Bernard, 1976
Chlamys hastata (Sowerby, 1842)
Chlamys sp., indet.
Crassadoma gigantea (Gray, 1825)
Cumingia californica Conrad, 1837
Epilucina californica (Conrad, 1837)
Gari fucata (Hinds, 1845)
Glans carpenteri (Lamy, 1922)
Hiatella arctica (Linnaeus, 1767)
Kellia suborbicularis (Montagu, 1803)
Kurtiella pedroana (Dall, 1899)
Kurtiella sp., indet.
Modiolus carpenteri Soot‐Ryen, 1963
Mytilus californianus Conrad, 1837
Neaeromya californica (Dall, 1899)
Ostrea lurida Carpenter, 1864
Pectinidae, indet.
Philobrya setosa (Carpenter, 1864)
Pododesmus macroschisma (Deshayes, 1839)
Pseudochama exogyra (Conrad, 1837)
Semele rupicola Dall, 1915
Septifer bifurcatus (Conrad, 1837)
Tellinidae sp., indet.
MOLLUSCA: Polyplacophora
Callistochiton crassicostatus Pilsbry, 1893
Callistochiton palmulatus Pilsbry, 1893
Callistochiton sp., indet.
Placiphorella sp., indet.
?Stenoplax conspicua (Pilsbry, 1892)
Polyplacophora, unidentified (multiple species)
PORIFERA: Demospongiae
Clionidae, indet. (borings in shells)
CNIDARIA: Anthozoa
Astrangia sp.
Balanophyllia elegans (Verrill, 1864)
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TABLE 1. Continued.
Taxon/species
CNIDARIA: Hydrozoa
Stylaster californicus (Verrill, 1866)
ECTOPROCTA: Gymnolaemata
Phidolopora pacifica (Robertson, 1908)
Cheilostomata, erect branching forms, unidentified
Cheilostomata, encrusting forms, unidentified
Cheilostomata, encrusting species on Crepipatella
ANNELIDA: Polychaeta
Serpulidae, indet. (sp. A)
Serpulidae, indet. (sp. B)
Spionidae, indet. (borings)
Spirorbidae, indet.
ARTHROPODA: Crustacea (Cirripedia)
Megabalanus californicus (Pilsbry, 1916)
Pollicipes polymerus Sowerby, 1833
Tetraclita rubescens Darwin, 1854
“Balanus” (s.l.) spp.
ARTHROPODA: Crustacea (Malacostraca)
Cancridae, indet. appendages
Paraxanthias taylori (Stimpson, 1860)
Hermit crab appendages, indet.
ECHINODERMATA: Echinoidea
Dendraster sp., ? D. excentricus (Eschscholtz, 1831)
Strongylocentrotus franciscanus (Agassiz, 1863)
Strongylocentrotus purpuratus (Stimpson, 1857)
CHORDATA: Osteichthyes
Lutjanus sp., indet.
Semicossyphus sp., cf. S. pulcher (Ayres, 1854)
PROTOCTISTA: Rhodophyta
Rhodophyceae, indet.

on Santa Barbara Island (Lipps et al. 1968),
although not as rich as the low-terrace assemblage on San Nicolas Island (Vedder and Norris
1963, Muhs et al. 2012a). The abundance of the
bivalves Cumingia californica, Epilucina californica, Glans carpenteri, and Mytilus californianus and the gastropods Acmaea mitra, Diodora arnoldi, Fissurella volcano, and Haliotis
cracherodii show that this is a typical littoral to
adlittoral, open-coast, rocky-shore assemblage,
similar to those found at many localities on
the California Channel Islands. In addition
to mollusks, the invertebrate fauna contains
corals, hydrocorals, bryozoans, polychaete
worms, decapod crustaceans, barnacles, and
sea urchin remains (Table 1). Also found were
2 species of bony fish, determined on the basis
of teeth, and a calcareous red alga.
Most of the mollusks identified at Eel Point
have modern geographic ranges that extend
well to the north and south of San Clemente Island and thus are not very useful in paleozoogeographic reconstruction. Indeed, a number
of species (Table 1) have modern geographic

LACMIP 10725

LACMIP 12007
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x
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ranges that span the Oregonian, Californian,
Surian, and Panamanian provinces, with at least
20 species having modern ranges extending
into the Aleutian province (Fig. 1). Two bivalves
(Hiatella arctica and Pododesmus macroschisma)
have modern ranges from the Arctic province
to the Panamanian province. Kennedy (2000)
noted that it is common for outer, open-coast
fossil localities, such as the west side of San
Clemente Island, to be dominated by zoogeographically “neutral” species (i.e., taxa that
today range well to the north and south of a
given locality).
Warm-Water Indicators
The fauna at Eel Point contains a number
of warm-water indicators, including one likely
extralimital southern species (Figs. 8, 9). The
gastropod Mexacanthina lugubris, found at
LACMIP loc. 10725, is commonly cited as an
extralimital southern species elsewhere in other
southern California fossil studies (Valentine
1962, Lipps et al. 1968, Kennedy et al. 1992,
Muhs et al. 2002a). The modern range of this
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Fig. 8. Graph showing the modern distribution, by latitude, of extralimital northern and southern and northward- and
southward-ranging taxa found on terrace 2b on San Clemente Island. All paleontological data are from this study. Geographic distributions are taken from Keen (1971), Abbott (1974), McLean (1978, 2007), Abbott and Haderlie (1980),
Coan et al. (2000), Coan and Scott (2012), and records from the Natural History Museum of Los Angeles County
(LACM).

species is unclear. Keen (1971) states that it
ranges from “southern California” (without specific locations) to Bahía Magdalena, Baja California; whereas Abbott (1974) reports that the
species lives in Baja California and ranges no
farther north than San Diego. Radwin (1974)
and Hertz (1995) reported finding M. lugubris
in the San Diego area, but both pointed out
that sightings of the species there are rare.
McLean (1978) does not list it among gas tropods living in southern California waters
today. Modern specimens of M. lugubris at the
Natural History Museum of Los Angeles
County (examined in the present study) are all
from Baja California on both the Pacific and
Gulf of California coasts and islands in the
Gulf of California. Specimens recorded at the
Museum of Comparative Zoology at Harvard

University (not examined personally in this
study) were collected only from Ensenada to
Bahía Magdalena, Baja California Sur, and in
the Gulf of California (as far north as Cholla
Bay, in the uppermost part) in the Surian and
Panamanian provinces (Fig. 9). Apart from
one unverified specimen reported to have been
collected near Ventura, California, other modern North American specimens of M. lugubris
in collections at the California Academy of
Sciences are either from the Pacific Coast of
Baja California (as far north as Ensenada) or
the Gulf of California. Based on the above data,
M. lugubris may not range much north of the
San Diego, California–Ensenada, Baja California area, and is therefore interpreted as an
extralimital southern species with regard to its
occurrence on San Clemente Island.
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Fig. 9. Maps of a portion of the Pacific Coast of North America, showing location of San Clemente Island; provinces
and subprovinces of marine invertebrate faunas (Valentine 1966); modern (dark green) and extended (light green, ~100
ka [?]), distributions of Stylidium eschrichtii; modern (red) and extended (orange, ~120 ka), distributions of Mexacanthina lugubris. Modern distribution data for S. eschrichtii are taken from Abbott (1974), Harbo (1997), and collections at
the Natural History Museum of Los Angeles County (LACM). Modern distribution data for M. lugubris are taken from
collections at the Natural History Museum of Los Angeles County (LACM); the California Academy of Sciences (CAS);
the Museum of Comparative Zoology, Harvard University; Abbott (1974); Radwin (1974); and Hertz (1995). Extended
last interglacial distribution data for S. eschrichtii are compiled from Valentine (1958), Vedder and Norris (1963), and
Lipps (1966), with chronology from Muhs et al. (2002a, 2012a). Extended last interglacial distribution data for M.
lugubris are compiled from Valentine (1962), Lipps et al. (1968), Kern (1977), Kennedy et al. (1992), and this study, with
chronology from Kennedy et al. (1992) and Muhs et al. (1992, 2002a, 2010, 2012a).

The deposits at Eel Point contain other
warm-water indicators in addition to M. lugubris. Three other species of gastropods (Chlorostoma gallina var. multifilosa, Lirobittium sp.
cf. L. quadrifilatum, and Pusula solandri) have
northern range endpoints in the Santa Monica–Palos Verdes Hills–San Pedro area; and a
fourth, Bellaspira grippi, has its northern range
endpoint at Santa Barbara Island. All these
northern range endpoints are very close to San
Clemente Island. Thus, these 4 species constitute an assemblage of southward-ranging taxa.
An additional 12 species of mollusks currently
live no farther north than Point Conception or
Santa Barbara, and thus range mostly to the
south of San Clemente Island (Fig. 8). Four

gastropods (Dentiscala funiculata, Pusula solandri, Vermicularia fewkesi, and Volvarina taeniolata), in addition to being southward-ranging
species, are found well into tropical latitudes
at present (Keen 1971). These taxa are interesting to consider in light of the “out of the
tropics” and “bridge species” model of Jablonski et al. (2013).
Cool-Water Indicators
The Eel Point localities also yielded mollusks that range predominantly to the north of
Point Conception and are treated herein as
cool-water forms. The only strictly extralimital
northern species identified, Stylidium eschrichtii, ranges from the Kenai Peninsula of
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Alaska only as far south as Shell Beach, San
Luis Obispo County, California (LACM records).
Thus, its presence on San Clemente Island
places it ~300 km south of its present southernmost range endpoint (Fig. 9). Stylidium
eschrichtii was also reported by Lipps (1966)
from the fossil locality at Horse Cove, southern San Clemente Island, described above.
This species is not common in the southern
California fossil record, but it has also been
reported from 2 other localities where there is
a mix of corals dated by U-series to ~100 ka and
~120 ka: Cayucos, California (Valentine 1958,
Muhs et al. 2002a), where it is just slightly
north of its southern range endpoint; and San
Nicolas Island, California (Vedder and Norris
1963, Muhs et al. 2012a), where it is ~230 km
south of its nearest modern occurrence.
Two other gastropods, rarely found south of
Point Conception, are also present. Haliotis
rufescens ranges from Sunset Beach, Coos
County, Oregon, to as far south as Bahía San
Bartolome, Baja California, but McLean (1978)
points out that the species is most common in
northern California. Lipps (1966) also reports
this species in the marine terrace deposits at
Horse Cove on San Clemente Island. Lirularia
succincta is an interesting species in that it
seems to have a disjunct distribution at present. Based on LACM collections, it has been
reported at Punta Santo Tomás, in northern
Baja California, but its continuous distribution
is apparently from Cook Inlet, Alaska, to Point
Piedras Blancas, in San Luis Obispo County,
California. One bivalve, Chlamys hastata, presently lives from Afognak Island and the Kenai
Peninsula of Alaska only to San Diego (Coan
et al. 2000). Eight other species of mollusks
have southern range endpoints in the Santo
Tomás–Punta Banda area of northern Baja
California (~31°45) and thus range mostly to
the north of San Clemente Island (Fig. 8).
DISCUSSION
Paleontology, Age, and Sea Level History
Given that San Clemente Island is situated
well within the Californian faunal province
(Fig. 2), is ~100-km offshore (Fig. 3), and has
a western coast that is well exposed to the
open ocean, a zoogeographically neutral fossil
fauna at Eel Point might be expected. The Eel
Point terrace deposits on San Clemente Island
contain both an extralimital southern species
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(Mexacanthina lugubris) and an extralimital
northern species (Stylidium eschrichtii). The
modern southern range endpoint of S. eschrichtii and the modern northern range endpoint of M. lugubris are nearly 600 km apart
(Fig. 9). The fauna also has a significant number of both southward-ranging species and
northward-ranging species of mollusks. The
U-series ages on coral from this locality all
clearly place the age of the deposit within one
high-sea stand, MIS 5.5 at ~120 ka (Fig. 7b).
As is the case with a number of other fossil
localities on the Pacific Coast, the Eel Point
terrace fauna on San Clemente Island can be
considered thermally anomalous.
Three other localities in Southern California
with terraces long thought to date solely to the
peak of the last interglacial period (~120 ka)
are now known to contain corals of more than
one age. Muhs et al. (2012a) reported that the
broad, geomorphically well-expressed terrace
2b on San Nicolas Island, alluded to earlier,
contains corals that date to both ~120 ka and
~100 ka. Similar mixes of ~120-ka and ~100ka corals have been reported from the low terrace at Cayucos, California (Stein et al. 1991,
Muhs et al. 2002a), and the Nestor terrace at
Point Loma, near San Diego (Ku and Kern
1974, Muhs et al. 2002a). At all 3 localities
(San Nicolas Island, Cayucos, and Point Loma),
there is a mix of extralimital southern, southward-ranging, extralimital northern, and northward-ranging species within the faunal assemblages (Valentine, 1958, Valentine and Meade
1961, Vedder and Norris 1963, Kern 1977, Muhs
et al. 2002a, 2012a).
New marine terrace mapping on San Nicolas Island shows the complex and often subtle
nature of the last interglacial marine terrace
record in Southern California and helps explain
some of these seemingly contradictory records.
Although San Nicolas Island has a low, broad
2nd terrace that rims most of the island (Vedder and Norris 1963), Muhs et al. (2012a) found
fragments of a narrow terrace (terrace 2b) a
few meters above the second terrace (terrace
2a). Corals from terrace 2a date only to the
~120-ka sea stand, and the fossil assemblage
contains several southward-ranging species
but no northward-ranging or northern extralimital species. The broader terrace 2b on San
Nicolas Island, a few meters below terrace 2a,
has a mix of ~100-ka and ~120-ka corals and
warm-water and cool-water mollusks. Muhs et
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al. (2012a) interpreted these data to mean that
terrace 2a formed during the ~120-ka highsea stand but was then eroded and many of its
fossils reworked during the ~100-ka high-sea
stand, which formed terrace 2b. Assuming that
the ~120-ka sea stand was ~6–8 m above present (Kopp et al. 2009, Muhs et al. 2011, Dutton and Lambeck 2012) and assuming a constant uplift rate, the paleo-sea level at ~100 ka
that formed terrace 2b on San Nicolas Island
can be calculated from its elevation and age.
The ~100-ka high-sea stand is estimated to
have been +2 to +6 m above present on San
Nicolas Island, which would explain how the
~120-ka terrace was eroded and its fossils
reworked, even on an uplifting coast. Muhs et
al. (2012a) proposed that a similar sequence of
events could have taken place at Cayucos and
Point Loma, although only one terrace representing the 2 high-sea stands (~100 ka and
~120 ka) is present at those localities. With a
lower uplift rate at both Cayucos and Point
Loma, the original ~120-ka terrace was probably completely overtaken and eroded away
by the ~100-ka high-sea stand.
Although this scenario seems to provide an
explanation for the thermally anomalous faunal
elements and mixes of coral ages at Cayucos,
San Nicolas Island, Point Loma, and possibly
San Clemente Island, it is contradicted by
paleo-sea level evidence from other parts of
the world. Studies on Barbados (Cutler et al.
2003, Potter et al. 2004, Speed and Cheng
2004) and New Guinea (Chappell et al. 1996)
show that constructional coral reef terraces
are well expressed geomorphically and date
to the ~80-ka, ~100-ka, and ~120-ka highsea stands. Using the same method of calculating paleo-sea level via uplift rates based on
the age, elevation, and paleo-sea level of the
~120-ka high-sea stand, the ~100-ka sea
stand is estimated to have been ~15–20 m
below present at these tropical localities. If
sea level during the ~100-ka high-sea stand
was this low on the California coast, it is not
possible for the ~100-ka high stand to have
completely submerged and eroded the ~120ka terrace, even in areas of low uplift rate, such
as at Cayucos.
Glacial Isostatic Adjustment (GIA) Effects
Reconciliation of the vastly different estimates of paleo-sea level on San Nicolas Island
from those on Barbados and New Guinea is
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possible by considering glacial isostatic adjustment (GIA) processes. During a glacial and
subsequent interglacial phase of a climate
cycle, GIA-induced effects on sea level lead to
departures from eustasy that have a complex
geometry and history (Mitrovica and Peltier
1991, Mitrovica and Milne 2002, Potter and
Lambeck 2003, Milne and Mitrovica 2008,
Tamisiea and Mitrovica 2011). The GIA signal
includes changes in the direct gravitational
attraction of the time-varying ice-plus-ocean
load and perturbations in both crustal and seasurface heights in response to load-induced
deformation. Thus, apparent sea level records
will differ from coast to coast depending on
proximity to large ice sheets, such as the Laurentide ice sheet that covered much of North
America. GIA effects on apparent sea level will
generate a geologic record that departs from a
purely eustatic one most dramatically on coastlines near large ice sheets (“near-field” localities), whereas coastlines distant from ice sheets
(“far-field” localities) will record a more purely
eustatic sea level history.
Barbados and New Guinea are both in farfield regions where the eustatic signal dominates. The Atlantic Coastal Plain of the United
States and the island of Bermuda, in contrast,
are situated closer to where the former Laurentide ice sheet of North America advanced
during the past 2 glacial periods (MIS 2 and
6). Thus, even though Bermuda is tectonically
stable, ~80-ka (MIS 5.1) marine deposits are
well dated and are found 1–2 m above present
sea level (Muhs et al. 2002b). Wehmiller et al.
(2004) also reported that ~80-ka marine deposits are found a few meters above modern
sea level on the tectonically stable Atlantic
Coastal Plain of the United States. Potter and
Lambeck (2003) explain these higher-thanexpected elevations at northern localities to be
the result of GIA effects, which are minimal
on Barbados, increase slightly moving northward to the Florida Keys, and increase dramatically at the Atlantic Coast of the United
States and Bermuda (Fig. 1). San Nicolas Island, also close to North America, is situated
within an “intermediate field” region where
GIA effects are still expected to be significant.
Modeling of GIA effects for San Nicolas Island (and applicable elsewhere on the California
coast) by J.X. Mitrovica (in Muhs et al. 2012a)
shows that both the ~80-ka (MIS 5.1) and
~100-ka (MIS 5.3) sea stands are predicted to
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record higher relative paleo-sea levels on the
California coast than on Barbados and New
Guinea. The geologic record of terraces 1, 2b,
and 2a (~80, ~100 [+120 ka, reworked], and
120 ka, respectively) on San Nicolas Island
agree with the GIA model results.
For San Clemente Island, we hypothesize
that terrace 2a represents the ~120-ka highsea stand and terrace 2b represents the ~100ka high-sea stand. This hypothesis requires
that the ~120-ka corals on terrace 2b of San
Clemente Island were all reworked from terrace 2a during the ~100-ka high-sea stand,
similar to what is documented on San Nicolas
Island. Rigorous testing of this hypothesis requires identification of coral-bearing fossil
localities on terrace 2a on San Clemente Island (which should contain only ~120-ka fossils), as well as other coral-bearing fossil localities on terrace 2b (which should contain both
~100-ka and ~120-ka fossils). Because other
fossil localities have yet to be located, only
geomorphic tests of this hypothesis are possible. Assuming terrace 2a on San Clemente
Island formed during the ~120-ka high-sea
stand, one can calculate an uplift rate assuming that sea level was +6 m relative to present
at that time (Kopp et al. 2009, Muhs et al.
2011, Dutton and Lambeck 2012). Near Eel
Point, terrace 2a has a shoreline angle elevation of 29.3 m, indicating 23.3 m of uplift in
120 ka, or an uplift rate of 0.194 m ⋅ ka–1.
Assuming that terrace 2b, with a shoreline
angle of 24.1 m, is ~100 ka and was uplifted at
the same rate, one can back out the paleo-sea
level and compare it to what Muhs et al.
(2012a) reported for this high-sea stand on San
Nicolas Island. At an uplift rate of 0.194 m ⋅
ka–1, terrace 2b on San Clemente Island
would have experienced 19.4 m of uplift in
~100 ka, implying a paleo-sea level of +4.7 m
relative to present. Muhs et al. (2012a) estimated paleo-sea level elevations for the ~100ka high-sea stand on San Nicolas Island to be
+2 to +6 m relative to present, which brackets the +4.7 m paleo-sea level estimate for
San Clemente Island. Thus, we conclude that
terrace 2b on San Clemente Island could have
formed during the ~100-ka high-sea stand.
During the time of formation of terrace 2b,
the ~100-ka high stand could have eroded
terrace 2a shoreward until just a small fragment of it remained (Fig. 10). In so doing, the
~100-ka high-sea stand could have reworked
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most of the fossils on terrace 2a into the
assemblage on terrace 2b.
Comparison of Paleotemperature
Interpretations with Deep-Sea Core Data
The sequence of events just described assumes that warmer-than-present waters prevailed along San Clemente Island during the
~120-ka high-sea stand and cooler-than-present
waters bathed the island during the ~100-ka
high-sea stand. It is difficult to obtain independent evidence of these conditions from the
marine terrace record, however, since GIA
effects and fossil mixing could also have occurred on coastlines with similar or lower uplift
rates to San Nicolas Island and San Clemente
Island. An independent estimate of the relative difference in marine paleotemperatures
off southern California during the ~100-ka
and ~120-ka high-sea stands can be made
from planktonic foraminiferal records in deepsea cores. Like marine mollusks, planktonic
foraminiferal assemblages provide a proxy for
marine paleotemperatures. As with mollusks,
planktonic foraminiferal assemblages can be
identified by distinct, temperature-controlled
biogeographic zones (Bé 1977). Unlike terrace
mollusks, however, foraminiferal records in
deep-sea cores are not subject to fossil mixing
by repeated high sea levels. One of the most
complete planktonic foraminiferal records of
paleoclimate off southern California, back to
~160 ka, is from ODP Site 893A (Fig. 3) in the
Santa Barbara Basin, studied by Kennett
(1995), Kennett and Venz (1995), and Hendy
(2010). Planktonic foraminifera from this core
show that conditions as warm or warmer than
present can be identified by the abundance
of dextral-coiled Neogloboquadrina pachyderma (now referred to as N. incompta; see
Darling et al. 2006), one of the dominant
species today in the Santa Barbara Basin area.
This species prefers water temperatures warmer
than ~10 °C (Kennett and Venz 1995). In
waters cooler than ~10 °C, sinistral-coiled N.
pachyderma increases in abundance, and this
species is dominant in water temperatures
cooler than ~6 °C. In addition to N. incompta,
there are 4 other warm-water species that
are useful for paleoclimatic interpretations in
the eastern Pacific Ocean: Globigerinoides
ruber, Neogloboquadrina dutertrei, Globorotalia inflata, and Orbulina universa (Kennett
and Venz 1995).
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Fig. 10. Composite cross section of the lowest marine terraces on San Clemente Island (taken from Fig. 6); modeled
sea level curve for San Nicolas Island, the Florida Keys, and Barbados (from J.X. Mitrovica in Muhs et al. 2012a); and
link between sea level history and uplift rate and terrace geomorphology. Qal, Quaternary alluvium and/or colluvium;
Qmt, Quaternary marine terrace deposits.

Using these warm-water indicators, the
Santa Barbara Basin record shows that MIS 1
(the Holocene) and MIS 5.5 (~120 ka) are by
far the warmest 2 periods of the past ~160 ka.
Abundances of N. incompta reach maximum
values during MIS 5.5 and the early Holocene
(MIS 1). Glacial periods—represented by MIS
6, 4, and 2—generally show low abundances
of N. incompta. In addition, MIS 5.3 (~100 ka)
and MIS 5.1 (~80 ka) show very low abundances of N. incompta. Overall, the planktonic
foraminiferal record indicates conditions as
warm as or warmer than present in some parts
of the Holocene (early MIS 1) and the peak of
the last interglacial period (MIS 5.5). In contrast, the records for MIS 5.3 and 5.1 indicate
much cooler water temperatures off Santa
Barbara than present. Although zoogeographic
data are not available, oxygen isotope measurements in planktonic foraminifera (considered to be primarily a temperature indicator)
from ODP core 1014 in Tanner Basin near San
Nicolas Island (Fig. 3) also show the same

paleotemperatures as in ODP 893A, with MIS
5.1 and 5.3 considerably cooler than MIS 5.5
(Hendy and Kennett 2000).
Using the Santa Barbara Basin and Tanner
Basin planktonic foraminiferal records as
guides, we interpret the extralimital southern
and southward-ranging forms in the Eel Point
terrace deposits to represent MIS 5.5 (~120
ka) and the extralimital northern and northward-ranging forms to represent MIS 5.3
(~100 ka). Geomorphic considerations of marine terrace elevations and estimates of paleosea level permit the interpretation that this
fossil mixing took place during the ~100-ka
high-sea stand, when GIA-influenced sea level
could have stood +2 m to +6 m higher than
present. At this time, terrace 2a—hypothesized to have formed during the ~120-ka highsea stand—would have been uplifted only a
few meters. Thus, the seaward portions of terrace 2a would have been “captured” or overtaken by the higher-than-present ~100-ka sea
stand. Formation of terrace 2b could have
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taken place at this time, and the process of its
formation eroded much of terrace 2a, other
than its higher, inland parts.
Implications for the Last Interglacial Fossil
Record Elsewhere on the Pacific Coast
If the scenario presented here for San Clemente Island is correct, then there should be
other evidence of thermally anomalous faunas
in dated, last-interglacial deposits elsewhere
on the Pacific Coast. Sea level history and GIA
processes should have had similar effects within
the same intermediate-field region of California and adjacent Baja California. Earlier, we
discussed the evidence for San Nicolas Island,
Cayucos, and Point Loma. We can identify 4
other localities (Bahia Tortugas, Punta Camalú,
Santa Barbara Island, and Newport Bay) where
terrace deposits of probable LIG age have
thermally anomalous faunas (Fig. 11).
In Baja California, amino acid data from both
Bahía de Tortugas (Emerson et al. 1981) and
Punta Camalú (Valentine 1980) indicate that
low-elevation terraces at these localities correlate broadly to the LIG. Faunas from both localities contain mixes of southern and northern
species of mollusks (Emerson 1980, Valentine
1980). On Santa Barbara Island, aminostratigraphic data using fossil Tegula (= Chlorostoma) indicate that the lowest terrace there
(~7–10 m above sea level) correlates with
other southern California terraces that have
U-series ages of ~120 ka or have a mix of
~100-ka and ~120-ka ages (Muhs et al. 2010).
Lipps et al. (1968) reported an extensive fauna
from this terrace. Examination of their data
indicates that there are at least 20 extralimital
southern or southward-ranging species and 3
extralimital northern species (Lottia scutum,
Crepidula nummaria, Lacuna carinata) as well
as a northward-ranging species (Chlorostoma
montereyi).
Perhaps one of the most dramatic examples
of thermally anomalous faunas, however, is
from Newport Bay, California. U-series ages
on coral from a terrace at ~33–34 m are ~120
ka (Grant et al. 1999). Kanakoff and Emerson
(1959) report a fauna from this terrace that
must contain one of the greatest numbers of
taxa in California, with at least 436 species of
mollusks. The fauna contains abundant warmwater species, with at least 13 extralimital
southern species of bivalves alone (based on
updated zoogeography in Coan et al. 2000),
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plus many species of southward-ranging gastropods. The fauna also contains 3 extralimital
northern bivalves (Macoma inquinata, Patinopecten caurinus, and Modiolus modiolus) as
well as Chlamys rubida, which ranges south of
Newport Bay but is normally rare south of
Puget Sound, Washington (Coan et al. 2000).
There were also at least 5 extralimital northern
or northward-ranging species of gastropods
in the Newport Bay fauna (Acmaea persona,
Crepidula nummaria, Ocenebra barbarensis,
Ocinebrina lurida, and Chlorostoma montereyi).
Because 4 species of corals have been reported
from this deposit (Kanakoff and Emerson
1959), it would be worthwhile to do additional
U-series analyses to determine if a mix of
~100-ka and ~120-ka corals is present.
Reconciliation of the Oxygen Isotope Record
with the Paleontological Record
In some early experiments estimating SSTs
from the oxygen isotope compositions of fossil
bivalves in marine terraces, Muhs and Kyser
(1987) found evidence for what appeared to be
cooler conditions during the ~120-ka high-sea
stand. These inferences were based on oxygen
isotope compositions in fossil Epilucina californica from the Nestor terrace in San Diego,
as well as from what are now referred to as
terrace 2b on San Clemente Island and terrace 2b on San Nicolas Island. Data were also
obtained from fossil E. californica from the
first terrace on San Nicolas Island and from
the lowest terrace at various localities in the
Palos Verdes Hills; these terraces are now
known to date to the ~80-ka high-sea stand
(Muhs et al. 2006). Fossil E. californica, from
what were then thought to be strictly ~120-ka
terrace fossils (Nestor, San Clemente Island
terrace 2b, San Nicolas Island terrace 2b),
have significantly heavier oxygen isotope compositions compared to modern specimens of
this species, indicating cooler waters in the
past. Still heavier oxygen isotope compositions
were found in fossil E. californica from the
~80-ka terraces on San Nicolas Island and the
Palos Verdes Hills (even after accounting for
ice volume effects), also indicating much
cooler-than-present SSTs off the California
coast (Fig. 12). The oxygen isotope values for
the ~80-ka fossils indicating cooler SSTs are
consistent with the ~80-ka marine terrace
pa leontological record, which consistently
shows the presence of extralimital northern
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Fig. 11. Faunal provinces and subprovinces on the Pacific Coast of North America, showing marine terrace localities
dated or correlated to the last interglacial period where thermally anomalous faunas have been recorded (gray circles).
Data sources are as follows: Cayucos—Valentine 1958, Muhs et al. 2002a; Santa Barbara Island—Lipps et al. 1968,
Muhs et al. 2010; San Nicolas Island—Vedder and Norris 1963, Muhs et al. 2012a; Newport Bay—Kanakoff and Emerson 1959, Grant et al. 1999; San Clemente Island—Muhs et al. 2002a, this study; Point Loma—Valentine and Meade
1961, Kern 1977, Muhs et al. 2002a; Punta Camalú—Valentine 1980; and Bahía de Tortugas—Emerson 1980, Emerson
et al. 1981. Also shown is the location of the Palos Verdes Hills (white circle) referred to in Fig. 12.
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Fig. 12. Oxygen isotope compositions of Epilucina californica taken from modern beaches (San Nicolas Island, Palos
Verdes Hills, Point Loma, and San Clemente Island; see Fig. 11) and ~80-ka marine terrace deposits (San Nicolas Island
and the Palos Verdes Hills). Also shown are similar values for fossil Epilucina californica from marine terraces where ages
of coexisting corals have been dated to ~100 ka and ~120 ka (San Nicolas Island and Point Loma) and ~120 ka (San
Clemente Island). Solid squares are mean values of several valves; vertical lines represent one standard deviation around
the mean. Temperatures given below each locality name are approximate average sea surface temperatures estimated
from National Oceanic and Atmospheric Administration, Office of Satellite and Product Operations map data, http://www
.ospo.noaa.gov/data/sst/contour/californ.fc.gif. Oxygen isotope data are from Muhs and Kyser (1987) and Muhs et al (1992).

species and no extralimital southern species or
southward-ranging species at many localities
from southern Oregon to northern Baja California (Muhs et al. 2002a, 2006). However, the
cooler-than-modern SSTs from what were
thought to be ~120-ka terraces were not consistent with the paleontological records from
these terraces that had warm-water forms.
Given the results presented here, as well as
those in Muhs et al. (2002a, 2012a), an explanation for this pattern might be that the E. californica populations from the Nestor terrace
and terraces 2b on San Nicolas and San Clemente Islands date not to the ~120-ka highsea stand but to the ~100-ka high-sea stand. A
worthwhile future effort to test this hypothesis
would be to do oxygen isotope analyses of a
larger number of taxa from these terraces. If
fossil mixing has occurred, some should indicate cooler-than-modern SSTs and others
should indicate warmer-than-modern SSTs.
Implications for Older Marine Terraces
on the Pacific Coast of North America
Based on the evidence presented and reviewed here, fossils of 2 ages but from the

same interglacial complex (MIS 5) are found
on a single terrace at a minimum of 3 localities
and possibly 5 or more other localities. Wherever uplift rates have been low enough that
the ~120-ka terrace was not raised sufficiently
to avoid subsequent erosion by the ~100-ka
high-sea stand, mixing of fossils is likely and
should be expected. Thus, older interglacial
complexes could also show evidence of fossil
mixing in marine terraces on low-uplift-rate
coasts. The SPECMAP oxygen isotope record
of Imbrie et al. (1984) shows that there are
substages within the interglacial complexes
represented by MIS 7, 9, 11, 13, and 15, as well
as MIS 5. Since ~600 ka, glacial-interglacial
cycles seem to have followed a 100,000-year
cycle linked to the eccentricity of the earth’s
orbit (Bassinot, 2007). Prior to ~600 ka, however, glacial-interglacial cycles, at least as manifested in the oxygen isotope record, show a
closer link to the 41,000-year cycle of obliquity
of the Earth’s axis. Thus in the marine terrace
record, one should expect to see fossil mixing
within interglacial complexes of the past ~600
ka, at least on low-uplift-rate coasts. Prior to
~600 ka, one might expect to see fossil mixing
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both within and between interglacial periods
on low-uplift-rate coasts. Fossil records from
high-elevation marine terraces on the Palos
Verdes Hills (Woodring et al. 1946, Valentine
1962, Marincovich 1976) and San Nicolas Island (Vedder and Norris 1963) do in fact show
that northward-ranging and southward-ranging forms exist together and have been noted
as thermally anomalous by those workers who
reported them.
CONCLUSIONS
Based on studies of the fossil record from
the Eel Point terrace on San Clemente Island,
the following conclusions have been reached:
(1) The Eel Point terrace is a composite feature consisting of a narrow upper bench (terrace
2a) with a shoreline angle elevation of ~29 m
and a broader lower bench (terrace 2b) with a
shoreline angle elevation of ~24–25 m. In some
places, formation of terrace 2b has eroded most
or all evidence of terrace 2a.
(2) Terrace 2b—previously dated from ~128
ka to ~114 ka and thought to date to MIS 5.5,
the peak of the last interglacial period—has a
rich fauna, with more than 100 species of fossil mollusks, as well as a variety of other marine invertebrates. This constitutes one of the
richer fossil faunas on the California Channel
Islands.
(3) The fauna from terrace 2b at Eel Point
contains both an extralimital southward-ranging species, an extralimital northward-ranging
species, and quite a number of northward- and
southward-ranging species. Coexistence of these
warm-water and cool-water forms constitutes
an example of what paleontologists have termed
“thermally anomalous” faunas.
(4) The origin of thermally anomalous faunas in Pacific Coast marine terrace deposits
has been debated for more than a century, but
no one mechanism explains most of the observed faunas satisfactorily. U-series dating of
corals on San Nicolas Island, Point Loma, and
Cayucos, however, shows that the thermally
anomalous faunas at those localities could be
the result of mixing of fossils from both the
~100-ka (cool-water) and ~120-ka (warmwater) high-sea stands. Submergence, erosion,
and fossil mixing of the ~120-ka terraces by
the ~100-ka high-sea stand was possible because glacial isostatic adjustment (GIA) effects
on North America could have resulted in a

[Volume 7

higher-than-present local sea level stand at
~100 ka. Terrace geomorphology on San Clemente Island is very similar to that on San
Nicolas Island, with 2 closely spaced terraces
present at low elevations. The higher terrace
(terrace 2a) may be the remains of the terrace that formed during the ~120-ka high-sea
stand, with the broader, lower terrace 2b having
formed during the ~100-ka high-sea stand but
including fossils eroded from terrace 2a.
(5) Examination of the fossil records from
other localities on the Pacific Coast of North
America, all dated at least broadly to the last
interglacial complex of MIS 5, shows that similar fossil mixing may have occurred from central Baja California to central California.
(6) Recognition of a cool-water fossil population in several California marine terrace
deposits of last interglacial age may explain
oxygen isotope compositions of fossil bivalves
that have previously not been understood. The
oxygen isotope compositions indicate apparent
cool-water conditions at a time when SSTs
were considered to have been warmer, based
on the paleontological record.
(7) Consideration of older glacial-interglacial
cycles of the Quaternary, based on the oxygen
isotope record, indicates that fossil mixing
during older interglacial complexes should be
expected in the older marine terrace record as
well. Existing fossil records from some of these
older terraces in California do show thermally
anomalous faunas, indicating that the scenario
presented here for the last interglacial complex may have applicability to much of the
Pacific Coast marine Quaternary record.
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TERRESTRIAL RESOURCE EXPLOITATION ON SANTA CRUZ ISLAND,
CALIFORNIA: MACROBOTANICAL DATA FROM FOUR
MIDDLE HOLOCENE SITES
Kristin M. Hoppa1
ABSTRACT.—On the northern Channel Islands, the occupation of interior sites during the Middle Holocene
(6650–3350 cal BP) has been attributed, in part, to terrestrial resource exploitation. The presence of groundstone artifacts, particularly mortars and pestles, in Middle Holocene sites and burials supports the idea that plants were important during this time period. The current study presents macrobotanical data from 4 Middle Holocene sites on Santa
Cruz Island. Of the 4 sites, 3 are located within the Central Valley, the island’s most productive watershed; whereas the
fourth site is located on a coastal bluff on the eastern end of the island. This arrangement allows for a comparison of contemporary coastal and interior sites. Although very few seeds were recovered from these samples, the results provide
clues to seasonality of occupation and exploited habitats. The presence of seeds from medicinal plants at all 3 interior
sites and the absence of seeds at the coastal site suggests that access to these resources played a role in settlement decisions. Though all of the plants recovered have medical uses in the ethnographic record, very few have any recorded use
as food. This study contextualizes the macrobotanical results by addressing issues of preservation and recovery and by
identifying areas for future research.
RESUMEN.—En las Islas del Canal del norte, la ocupación de sitios interiores durante el período Holoceno Medio
(aproximadamente 6650–3350 antes del presente) se atribuyó, en parte, a la explotación de recursos terrestres. La presencia de artefactos líticos para molienda, en especial los morteros y el martillo pilón, en sitios y lugares de entierro del
período Holoceno Medio confirma la idea de que, durante este período, las plantas fueron importantes. El presente
estudio presenta información macrobotánica de 4 sitios del Holoceno Medio en la Isla Santa Cruz. Tres de los cuatro
sitios están ubicados dentro del Valle Central, la línea divisoria más productiva de la isla, y el cuarto sitio está ubicado en
un acantilado costero al extremo este de la isla. Esta disposición permite comparar los sitios interiores y costeros contemporáneos. A pesar de que se recuperaron muy pocas semillas de estas muestras, los resultados proporcionan señales
de la estacionalidad de la ocupación y los hábitats explotados. La presencia de semillas de plantas medicinales en los 3
sitios interiores y la ausencia de semillas en el sitio costero, sugieren que el acceso a estos recursos jugaron un papel
importante en las decisiones de asentamientos. Aunque todas las plantas que se recuperaron tienen usos medicinales en
el registro etnográfico, muy pocas se utilizaron como alimento. Este estudio contextualiza los resultados macrobotánicos
al abordar cuestiones de preservación y recuperación, y al identificar áreas sobre las que se sugiere continuar investigando en el futuro.

The northern Channel Islands have been
occupied by the Chumash and their predecessors for more than 13,000 years (Johnson et al.
2000, Rick et al. 2001, Kennett 2005, Erlandson et al. 2011). The Middle Holocene (6650–
3350 cal BP) was a period of transition marked
by environmental change and cultural innovations, including the development of the mortar and pestle (5800–5000 cal BP) and the
side-notched projectile point (5500–4500 cal
BP; Glassow 1997a). Although early mortars
and pestles may have been used to process a
variety of foods—including wild cherry (Prunus
ilicifolia), starchy roots, tubers, and corms (Glassow 1996, 1997a, Schroth 1996, Erlandson

1997)—the appearance of the basket hopper
around 4000 cal BP suggests that people were
processing acorns. Use of basket hoppers
likely increased food-processing efficiency because “hoppers would reduce loss of seeds or
nuts during milling” (Glassow 1997a:87–88).
Whether acorn processing was associated with
the earliest mortars and pestles or with the later
advent of basket hoppers, the inclusion of this
resource marked an expansion of Middle Holocene diet (Glassow 1997a); and the storability of
this resource set the stage for cultural developments of the Late Holocene (see King 1990).
The first substantial interior sites generally
appear on the Channel Islands during the

1Department of Anthropology, University of California, Santa Barbara, CA 93106-3210. E-mail: kristinhoppa@umail.ucsb.edu
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Fig. 1. Location of study sites.

Middle Holocene (6650–3350 cal BP; Kennett
2005:129). However, a series of sites recently
dated to the Terminal Pleistocene and currently located along the coast were as much as
1–7 km from the coast at the time they were
occupied, suggesting the use of the island
interior extending back to 13,000–11,000 cal
BP (Erlandson et al. 2011). Although paleoenvironmental records indicate severe aridity
throughout western North America during
much of the Middle Holocene, the northern
Channel Islands do not appear to have been
affected (Kennett et al. 2007). Explanations for
interior occupation include terrestrial resource
exploitation, as well as use of the interior for
travel routes or defensive purposes (see Orr
1968, Glassow 1993, 1997b, Kennett 2005, Perry
and Delaney-Rivera 2011). The increasing importance of terrestrial resources also has been
inferred from the presence of groundstone
artifacts, particularly the mortar and pestle
(Hollimon 1990, Timbrook 1993, Perry 2003),
as well as the high levels of groundstone present in Middle Holocene burials (Hollimon
1990). Despite the presumed importance of
terrestrial resources, there have been very few
archaeobotanical studies, particularly of Middle
Holocene deposits (Gill 2013). The following
study draws on archaeobotanical data from

1 coastal and 3 interior Middle Holocene sites
on Santa Cruz Island to (1) explore the role of
terrestrial resources at coastal and interior sites
and (2) test the hypothesis that interior sites are
related to plant exploitation (Fig. 1).
METHODS
The macrobotanical data in this study come
from 4 Middle Holocene sites (Table 1) excavated by Jennifer Perry in 2007 and 2008
(Perry and Delaney-Rivera 2011, Perry and
Hoppa 2012). Site CA-SCRI-724 is located on
a bluff above Scorpion Anchorage on eastern
Santa Cruz Island at 170 m elevation. This site
is approximately 130 × 115 m and is <60 cm
deep. Sites CA-SCRI-174, CA-SCRI-183, and
CA-SCRI-194 are all located in the Central
Valley of Santa Cruz Island. CA-SCRI-174 is
located atop a small mound at 80 m elevation
and is approximately 50 × 40 m and <50 cm
deep. CA-SCRI-183 is located above a small
drainage with nearby oak trees at 60 m elevation; it is approximately 60 × 60 m and is <60
cm deep. CA-SCRI-194 is located on a small
mound at 90 m elevation and is approximately
50 × 40 m and <60 cm deep. The Central
Valley is the largest and most productive
watershed on the island (Kennett 2005), and it
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TABLE 1. Radiocarbon dates for study sites.
Site

Level
(cm)

Measured
age

Conventional
date BP

Cal BP
(2σ)

Laboratory no.
(material; year)

CA-SCRI-174
CA-SCRI-174
CA-SCRI-174
CA-SCRI-183
CA-SCRI-183
CA-SCRI-194
CA-SCRI-194
CA-SCRI-724
CA-SCRI-724
CA-SCRI-724

10–20
20–30
30–40
10–20
30–40
20–30
40–50
20–30
30–40
50–60

4300 +
– 50
5580 +
– 120
4700 +
– 40
3930 +
– 60
4110 +
– 60
4080 +
– 60
4530 +
– 70
5170 +
– 60
5280 +
– 50
5450 +
– 70

4720 +
– 60
6020 +
– 130
5110 +
– 40
4270 +
– 60
4520 +
– 60
4490 +
– 60
4940 +
– 70
5550 +
– 60
5720 +
– 50
5900 +
– 80

4840–4500
6470–5910
5310–5040
4280–3880
4600–4230
4560–4200
5240–4800
5870–5570
5990–5730
6280–5890

Beta-222702 (Shell; 2006)a
Beta-225908 (Shell; 2007)a
Beta-225909 (Shell; 2007)a
Beta-228026 (Shell; 2007)a
Beta-228027 (Shell; 2007)a
Beta-228601 (Shell; 2007)a
Beta-228602 (Shell; 2007)a
Beta-222704 (Shell; 2006)b
Beta-222705 (Shell; 2006)b
Beta-226843 (Shell; 2007)b

aHoppa and Perry 2010
bPerry and Hoppa 2012

TABLE 2. Soil sample characteristics.
Sample
CA-SCRI-724
CA-SCRI-174
CA-SCRI-183
CA-SCRI-194
Off-Site Auger 724
Off-Site Auger 174

Depth
(cm)

Soil volume
(L)

Sample
weight (g)

0–50
0–40
0–50
0–50
0–30
0–30

20
16
20
20
2.4
2.4

297.11
449
138.65
82.84
38.87
53.49

supports a much wider array of plant species
than do coastal areas. The 3 interior sites included in this study are similar in size, depth,
and density; and they represent the type of
interior sites presumed to be related to terrestrial resource exploitation (Glassow 1993, Kennett 2005, Perry and Delaney-Rivera 2011).
CA-SCRI-724 is similar in depth but has a
greater size and density of shell that is typical
of coastal sites.
Faunal data indicate that the occupants of
the 3 Central Valley sites relied heavily on
shellfish and fish obtained from nearshore
habitats (Perry and Delaney-Rivera 2011:116),
similar to those species abundant in the assemblage at coastal CA-SCRI-724 (Perry and
Hoppa 2012). Though site CA-SCRI-724 was
<1 km from the productive kelp forests at
Scorpion Anchorage, coastal access from the
Central Valley sites requires a round trip journey of 10–15 km (Perry and Delaney-Rivera
2011:117). As noted by Perry and DelaneyRivera (2011:116), “Ethnographically important
resources in [the Central Valley] include plants
such as acorns (Quercus spp.), wild cherry
(Prunus ilicifolia), corms and bulbs (i.e., blue
dicks [Dichelostemma spp.], wild onion [Allium
spp.], mariposa lily [Calochortus spp.]), and
various grasses.” To explore whether these

resources influenced Central Valley settlement
decisions and to test the assumption that interior sites are linked to terrestrial resource exploitation, this study compares archaeobotanic
assemblages from the 3 Central Valley sites to
the coastal site.
Macrobotanical samples for CA-SCRI-174,
CA-SCRI-183, CA-SCRI-194, and CA-SCRI724 consisted of bulk 20 × 20-cm column
samples (~16–20 L) excavated in arbitrary 10cm levels to sterile, ranging from 40 to 50 cm
deep (Table 2). Off-site samples (~2.4 L) from
the east end and the Central Valley were analyzed to assess the potential for charred seeds
from natural occurrences such as fire (see
Minnis 1981). Samples were processed using a
Flote-Tech machine-assisted flotation device
and size-sorted (2.0 mm, 1.4 mm, and <1.4 mm)
through geological sieves. Faunal remains and
wood charcoal were pulled from the 2.0-mm
level only. Nutshell was pulled from the 2.0mm level, and from smaller fractions only if
nutshell was not present in the 2.0-mm level.
Seeds were pulled from all levels. Wood charcoal was weighed but not counted, whereas
all seeds were weighed and counted. All carbonized plant material was identified to the
lowest taxonomic level possible using a seed
identification manual (Martin and Barkley 2000)
and the comparative collection in the Integrative Subsistence Laboratory at the University
of California, Santa Barbara.
RECOVERED PLANTS AND
ETHNOBOTANICAL USES
The floated samples (20 L total) from coastal
site CA-SCRI-724 contained minimal plant material. The only identifiable seed was fringed
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TABLE 3. Summary of recovered plants.
SCRI-174
0–10 cm

<0.01 g Wood, 2 Chenopodium sp.

10–20 cm

<0.01 g Wood, 1 Chenopodium sp.

20–30 cm
30–40 cm

0.06 g Wood, 17 Hypericum sp.,
1 Achillea millefolium
0.05 g Wood, 1 Polygonum sp.

40–50 cm

0.01 g Wood

SCRI-183

SCRI-194

0.03 g Wood, 2 Nicotiana
clevelandii, 1 c.f. Mimulus
sp., 1 unidentified seed
0.01 g Wood, 24 Silene
laciniata
<0.01 g Wood
<0.01 g Wood, 1 unidentified seed
<0.01 g Wood

<0.01 g Wood, 1 c.f. Asteraceae,
2 unidentified seeds
0.01 g Wood
<0.01 g Wood
<0.01 g Wood, 1 Malosma
laurina

TABLE 4. Summary of ethnographic uses for recovered plants.
Scientific name

Common name

Mimulus sp.

Monkeyflower

Malosma laurina

Laurel sumac

Hypericum spp.

St. Johnswort

Silene laciniata

Fringed Indian pink

Nicotiana clevelandii

Tobacco

Achillea millefolium

Common yarrow

Polygonum spp.

Knotweed

Use as food

Fruits (ground into
a flour)c
Roots (fresh, dry, or
ground into a flour)b

Seeds, young shoots,
young leavesb

Use as medicine
To cure kidney, urinary problems, or diarrhea; as a poultice; to reduce fevers;
for nervous disorders; to regulate menstrual periods; to curtail hemorrhages;
as an eyewashb
As a tea to ease menstrual crampsa
To treat sores, wounds, and cutsb
To induce menstruation; as a poultice on
open soresd
As an emetic; as a poultice; to treat stomachachesd, headaches, bites, sores, cuts,
rheumatic pains, and nasal congestionb
As a poultice for cuts; to treat toothaches,
stomachaches, headaches, colds, hemorrhaging, sore eyes, rattlesnake bites,
sprains, bruises, skin irritations, bladder and kidney problemsb
To treat skin problems, toothaches, sores
and boilsc

aAdams and Garcia 2006
bStrike 1994
cTimbrook 1990
dTimbrook 2007

Indian pink, or catchfly (Silene laciniata). Although fringed Indian pink does not appear to
be a food source, it may have been used medicinally by the Chumash to induce menstruation (Timbrook 2007:210). In this context, however, the seed is likely an incidental inclusion,
as it also appeared in the off-site sample. The
off-site sample also contained small amounts of
charcoal, suggesting burning. These results suggest that at this location, plants were either
not an important dietary component or not recovered due to preservation or sampling issues.
In contrast, more macrobotanical remains
were recovered from each of the Central Valley sites. These remains suggest that interior
peoples exploited terrestrial resources, although
plants may have been valued more for their

medicinal properties than for their contribution to diet (Tables 3, 4). The floated samples
(16 L total) from CA-SCRI-174 contained a
single seed from the goosefoot family (Chenopodiaceae), as well as common knotweed (Polygonum sp.), common yarrow (Achillea millefolium),
and St. Johnswort (Hypericum sp.). Although
none of these plants were important food
sources, they all have recorded medicinal uses.
Goosefoot seeds recovered in these samples
were identifiable only to family, but they could
be either pitseed goosefoot (Chenopodium berlandieri), the leaves of which were eaten by the
Chumash, or soap plant (Chenopodium californicum), which was used to make soap and a
medicinal tea that served as an emetic or expectorant (Timbrook 2007:55–56). Knotweed
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(Polygonum spp.) has no recorded uses among
the Chumash, although Strike (1994:115) notes
its use as a food and medicinal source for
other California Native Americans. Common
yarrow was used medicinally by the Chumash
(Timbrook 1990:252) and other California native peoples (Strike 1994:3) but has no recorded
use as food. Finally, although St. Johnswort has
no recorded use among the Chumash, Strike
(1994:74) notes that other California native
peoples used the roots for food and medicine
(Table 4). No species of St. Johnswort are currently known to occur on Santa Cruz Island;
however, 2 species occur on the mainland
(Junak 1995). It is possible that this plant
existed on the island in the past or arrived from
the mainland through trade, as has been inferred from the recovery of black walnut ( Juglans californica) at CA-SCRI-240 (Martin and
Popper 2001).
The samples from CA-SCRI-183 (20 L total)
contained 2 tobacco seeds (Nicotiana clevelandii) and 1 monkeyflower seed (Mimulus sp.),
as well as 2 unidentifiable seeds. Also present
in the samples were 24 fringed Indian pink
seeds; however, as at CA-SCRI-724, these seeds
are likely incidental inclusions since they were
also present in the off-site samples. It is difficult to discern whether fringed Indian pink
seeds are carbonized without breaking them
open. Although some of those broken were
carbonized, others were not, suggesting that
the count may include modern, uncarbonized
incidentals. The tobacco seeds recovered may
have been related to both medicinal and ceremonial purposes. Timbrook (2007:127) notes
that “tobacco was the only recreational drug
used by the Chumash, though it also had ritual
and medicinal applications.” Though monkeyflower does not have any recorded use among
the Chumash, Strike (1994:92) reports that it
was used by other California Native Americans for both food and medicine (Table 4).
The sample from CA-SCRI-194 (20 L total)
contained 1 sunflower family (Asteraceae) seed
and 1 laurel sumac (Malosma laurina) seed, as
well as 3 unidentifiable seeds. Laurel sumac
fruits were ground into flour by the mainland
Chumash (Timbrook 1990), and Adams and
Garcia (2006:2) report that this plant was used
by California Native Americans as a tea to ease
menstrual cramps. This plant is not known to
occur on Santa Cruz Island (Junak 1995), but
it does occur on the mainland and the southern
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Channel Islands. Like Hypericum sp., it is
possible that laurel sumac existed on Santa
Cruz Island in the past or was brought in
through trade.
Off-site samples all contained a small amount
of carbonized plant material. They contained
both carbonized and uncarbonized fringed
Indian pink (Silene laciniata) and goosefoot
family (Chenopodium) seeds, demonstrating
that these plants grow on site (or arrive through
natural seed rain). Thus their presence in the
archaeological samples (even charred) may be
incidental.
INTERPRETATIONS
Although the density of seeds in the analyzed assemblages was low, those seeds recovered provide information on seasonality and
habitat exploitation and on the way terrestrial
resources may have factored into settlement
and subsistence decisions. The most surprising
result is that most of the plants recovered have
known ethnographic uses as medicine. It is
possible that plants known for medicinal
properties were used as food at these sites,
and indeed many plants are recorded as both.
Nonetheless, there is a notable absence of
plants that would be considered staple foods.
If Central Valley sites were positioned to take
advantage of terrestrial resources, one would
expect a greater representation of these resources. Groundstone artifacts are present at
all 4 sites, with no significant difference in
densities between the coastal and interior sites.
Though the overall density of seeds is low, it is
worth noting that all 3 interior sites contained
seeds and the coastal site did not, suggesting
that plants were of greater importance, although
not necessarily as food.
The plants recovered from the Central
Valley sites (CA-SCRI-174, CA-SCRI-183, and
CA-SCRI-194) indicate that those sites were
occupied from early spring through late fall
(Table 5). It is possible those sites were also occupied during winter but that plants were not
collected then, or that indicative seeds did not
preserve or were not recovered. Similarly, it is
difficult to say whether the lack of seeds at CASCRI-724 indicates that occupants were not
exploiting terrestrial resources, as the lack may
simply reflect poor preservation/recovery.
Nonetheless, the spring–fall signatures suggest that Central Valley sites were occupied
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aCalflora 2013
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Monkeyflowerb
Laurel sumaca
St. Johnsworta
Fringed Indian pinkb
Tobaccob
Common yarrowb
Knotweedb
Goosefootb
Mimulus sp.
Malosma laurina
Hypericum spp.
Silene laciniata
Nicotiana clevelandii
Achillea millefolium
Polygonum spp.
Chenopodium berlandieri

Jan
Common name

TABLE 5. Seasonality of recovered plants.

Scientific name

[Volume 7

(or returned to) throughout much of the year
and that plants with economic value (both as
food and medicine) were brought to the sites.
Indeed, the habitats of species identified show
a range of plants from chaparral, coastal bluff/
sage scrub, woodland, grassland, and riparian
habitats (Table 6). Though the Central Valley
sites currently would be classified as grasslands, they could have been wetter during
the time of occupation. In addition to natural
climatic changes, these sites all lie near the
main ranch used during the historic ranching
period. Ranching activities, including livestock
grazing and small-scale viticulture as well as
the introduction of nonnative species, have
lowered the water table and altered the overall landscape. The diversity of plants on the
island was likely much higher prior to the
introduction of nonnative species and this prior
plant diversity may also explain the presence
of seeds such as laurel sumac and St. Johnswort. Whether or not these sites were native
grasslands at the time of occupation, the reliable fresh water in the Central Valley provides
nearby riparian habitats; and the surrounding
mountain slopes transition into sage scrub,
chaparral, and even woodland habitats. The
diversity of terrestrial habitats represented in
the scant macrobotanical assemblage is just one
indicator of human movement across a variety
of ecosystems on the prehistoric landscape.

Dec
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Despite the presence of groundstone and the
interior location of 3 of these sites, unexpectedly
low numbers of seeds were recovered. These
results could indicate that (1) plants were not
as important to the Middle Holocene diet as
previously presumed (although they still may
have been important as medicine); (2) plants
were consumed but not prepared in ways that
would favor preservation (i.e., they were not
cooked/carbonized); or (3) there was overall
poor preservation of seeds due to the age of
the deposits or soil conditions.
The presence of groundstone at each of these
sites suggests that terrestrial resources were
exploited (e.g., with a digging-stick weight) and
processed (e.g., with manos/metates or mortars/pestles) on-site; however, microbotanical
analysis of these artifacts is necessary to provide direct evidence of what they were being
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TABLE 6. Habitat of recovered plants.
Scientific name

Common name

Chaparral

Achillea millefolium
Hypericum spp.
Polygonum spp.
Silene laciniata
Chenopodium berlandieri
Mimulus sp.
Nicotiana clevelandii

Common yarrowb
St. Johnsworta
Knotweedb

X
X

Fringed Indian pinkb
Goosefootb
Monkeyflowerb
Tobaccob

X
X

Coastal bluff/
sage scrub
X
X
X
X
X

Woodland

Grassland

X
X

X

X

X
X

X

Riparian
X
X
X
X

aCalflora 2013
bJunak et al. 1995

used to process. It seems more likely that plants
were exploited, but perhaps in ways that made
them unlikely to preserve. If people were focused on roots, bulbs, or corms (as the presence
of digging-stick weights would suggest), it is
less likely these resources would be evident in
the macrobotanical record given their soft tissue and lack of seeds (although some corms
have been recovered from other sites on the
northern islands; see Reddy and Erlandson
2012; Gill 2013).
Finally, it is possible that preservation was
low due to the age of these deposits and soil
conditions or due to recovery methods. As
noted by Gill (2013:313), of the 8 sites on Santa
Cruz Island for which paleobotanical data are
available, 7 date to the Late Holocene and
only 1 (CA-SCRI-109) to the Early/Middle
Holocene (see Glassow et al. 2008), for which
preservation was not particularly good. This
study of 5 Early Holocene sites from Santa
Cruz Island yielded a similarly low density of
seeds (Hoppa 2012). The high level of calcium
carbonate in shell middens creates highly
alkaline soil conditions, which can help preserve shell and bone but can damage plant remains (Braadbaart et al. 2009). Other potential
factors contributing to preservation levels could
be flotation method (machine-assisted rather
than bucket flotation) or laboratory methods.
For example, samples were not dried prior to
flotation, which could have increased recovery
of wood charcoal or nutshell (see Wohlgemuth
1984). More likely, taphonomic processes are
contributing to low levels of preservation at
these sites. Glassow et al. (1988:68) note that the
impact of mechanical weathering on marine
shell may be more severe at sites with brief
episodes of occupation. Given the fragility of
charred seeds in comparison to marine shell, it
would seem that weathering results would be
even more severe for these plant remains.

However, the shell recovered from these deposits did not show signs of extreme weathering.
FUTURE RESEARCH
Ideally, excavation of larger samples from
a greater number of Middle Holocene sites
will generate an expanding body of macrobotanical evidence. The low density of seeds in
the deposits included in this study suggests
that larger samples are necessary to acquire a
meaningful seed assemblage. Previous macrobotanical studies on Santa Cruz Island (e.g.,
Gummerman 1992, Martin and Popper 1999,
2001, Popper 2003) have often used samples
with fewer than 20 L of soil. Though small
samples may be sufficient for high-density
deposits, particularly those from more recent
contexts, larger samples may be required for
older, lower density deposits. Finally, microbotanical analysis of both phytoliths and starch
grain residues from the surface of ground stone
artifacts could provide additional direct evidence for use of ground stones and plants not
likely to be preserved in the macrobotanical
record (e.g., starchy tubers). Analysis of larger
floatation samples and ground stone recovered
from sites in this study is currently underway
in the Integrative Subsistence Laboratory at
University of California, Santa Barbara. Combining macro- and microbotanical analysis will
allow a more complete understanding of prehistoric plant use and will yield a better data
set for testing the hypothesis that interior sites
were used to exploit terrestrial resources.
CONCLUSIONS
Given the recovery of medicinal plants at
each of the Central Valley sites, the exploitation
of terrestrial resources likely played a role in
settlement decisions, even if those resources
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were not important to the diet. In addition to
medicinal uses, plants may have been collected
for industrial purposes (e.g., as materials for
baskets, ropes, or nets). The evidence for various other activities, including manufacturing of
lithics, beads, and basketry and processing with
groundstone, suggests that these sites were not
simply logistical areas for terrestrial resource exploitation. Other factors, including the presence
of reliable fresh water and the protection from
coastal weather, may have made the Central
Valley a desirable settlement location (see Perry
and Delaney-Rivera 2011), but the low density
of plant remains does not support the notion that
the interior was occupied for the purpose of
exploiting plant foods. The collection of medicinal plants may have been made more convenient only by interior settlement location. As
noted by Perry and Delaney-Rivera (2011:117),
“The current data suggest that the Central
Valley was occupied on a regular basis as part
of the seasonal foraging rounds of Middle Holocene populations because of the intersection
of desirable resources, routes, and possibly even
weather conditions.” Given the limited work
conducted at interior sites and the potential
significance to understanding Middle Holocene
settlement patterns, future research in the Central Valley will help elucidate a variety of issues of broad archaeological significance.
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PREHISTORIC OCCUPATION OF THE INTERIOR
OF WESTERN SANTA CRUZ ISLAND
Michael A. Glassow1
ABSTRACT.—Although the majority of prehistoric habitation sites on Santa Cruz Island are located within interior
areas more than 0.5 km from the coast, little is known about these sites and how their occupation articulated with coastal
settlement. To address this lack of knowledge, small-scale excavation was undertaken at 2 interior habitation sites (CASCRI-555 and CA-SCRI-574) in the western sector of the island. Habitation deposits at both sites are <60 cm deep.
Radiocarbon dating reveals that CA-SCRI-555 experienced occupation during 3 time intervals: 1800–1400 cal BC,
~2400 cal BC, and ~4400 cal BC. In contrast, dates for CA-SCRI-574 indicate only one time interval: 2800–1900 cal
BC. Remains of marine shellfish and vertebrates in the deposits indicate transport of marine foods to both sites. The
repertoire of shellfish remains implies that site inhabitants obtained marine foods from coastal areas closest to each site.
These interior sites may have been occupied for one or more reasons: (1) as habitation sites occupied occasionally for the
purpose of acquiring and perhaps consuming plant food or other interior resources; (2) as easily defended locations
given their placement on ridgetops; (3) as way stations during travel to distant parts of the island; and (4) as locations
where freshwater is available during dry seasons or years when water is scare at nearby coastal locations. The data
resulting from small-scale testing makes evaluating these alternatives difficult, but the variety of food remains, the various types of stone tools, and the wood charcoal from hearth fires all indicate that at least some intervals of occupation
were for periods that exceeded a few days. The results highlight the need for data from a large number of interior sites
to understand island settlement patterns and ecological adaptation of the island’s prehistoric inhabitants.
RESUMEN.—Aunque la mayor parte de los sitos habitacionales prehistóricos de la Isla Santa Cruz están ubicados en
áreas interiores a más de 0.5 km de la costa, poco se sabe sobre estos sitios y sobre cómo su ocupación se articulaba con
los asentamientos costeros. Con el fin de obtener información, se realizaron excavaciones a pequeña escala en 2 sitios
interiores, CA-SCRI-555 y CA-SCRI-574, en el sector oeste de la isla. Los depósitos habitacionales en ambos lugares
tienen menos de 60 cm de profundidad. La datación por radiocarbono revela que en CA-SCRI-555 se registró ocupación durante 3 intervalos de tiempo: 1800 a 1400, ~2400 y ~4400 años calibrados antes de Cristo. En contraste, en el
caso de CA-SCRI-574, sólo se indica un intervalo de tiempo según las fechas: entre 2800 y 1900 años calibrados antes de
Cristo. Los restos de vertebrados y moluscos marinos en los depósitos indican que se transportó alimento de origen
marino a ambos sitios. La gama de restos de moluscos demuestra que los habitantes obtuvieron alimentos marinos de las
áreas costeras más cercanas a cada sitio. Es posible que estos lugares interiores se hayan ocupado debido a uno o más de
los siguientes cuatro motivos: (1) como hábitats ocasionales con el fin de obtener y, posiblemente, consumir alimento de
origen vegetal u otro tipo de recursos de las zonas interiores; (2) como lugares que brindaban protección por estar ubicados en las crestas de las montañas; (3) como lugares de paso en el trayecto hacia zonas remotas de la isla; y (4) como
lugares donde había agua dulce disponible durante las temporadas de sequía o los años de escasez de agua en lugares
costeros cercanos. La información resultante de las pruebas a pequeña escala hace que sea difícil evaluar estas alternativas, pero la variedad de restos de alimentos, los distintos tipos de herramientas de piedra y el carbón vegetal de madera
derivado de fogones indican que la duración de por lo menos algunos intervalos de ocupación superó un período de
unos pocos días. Los resultados enfatizan la necesidad de obtener información de una gran cantidad de sitios interiores
para poder comprender los patrones de ocupación de la isla y la adaptación ecológica de sus habitantes prehistóricos.

Santa Cruz Island, the largest of the northern
Channel Islands of California, contains an estimated 3000 archaeological sites (Glassow 2010:
6.1) that have deposits spanning roughly 10,000
years of prehistory (Gusick 2012). Although
habitation sites with the largest accumulations
of archaeological deposits are within 100 m of
the coast, the majority of sites are actually located inland. The distribution of these interior
sites is extensive, with no more than a few hun-

dred meters separating one site from another.
Most interior sites are small in area, often well
under 100 m in maximum dimension; and their
deposits typically are shallow, often <50 cm
thick. As is true of coastal sites, many contain
abundant shellfish remains, which facilitate their
discovery. Interior sites often are on ridgetops
but can also be located in canyons that have relatively flat bottomlands (Peterson 1994, Glassow
et al. 2009, Perry and Delaney-Rivera 2011).

1Department of Anthropology, University of California, Santa Barbara, CA. E-mail: glassow@anth.ucsb.edu
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Fig. 1. Santa Cruz Island showing locations of the 2 sites.

In 2005, two of these interior sites, CASCRI-555 and CA-SCRI-574 (Fig. 1), were the
subject of small-scale testing, and the analysis
of the resulting collections is the subject of
this paper. The investigation of these 2 sites is
related to a long-term effort of several investigators to understand the manner in which
occupation of interior sites articulated with
subsistence-settlement systems on the island
(Perry 2003, Kennett 2005, Perry and DelaneyRivera 2011, and ongoing research). The smallscale testing of the 2 sites was conducted with
the objective of obtaining organic samples for
radiocarbon dating and characterizing the essential components of the midden deposits.
Four hypotheses may account for the occupation of an interior site. First, a site may have
been occupied for acquisition of terrestrial resources, some of which may have been most
abundant in the island’s interior. The most likely
resource is plant foods. Coastal locations around
the island contain a comparatively narrow range
of plant resources, grasslands and scrublands
along the south coast being examples, whereas
most interior locations are adjacent to a broad
diversity of plant resources, many being minimally available at coastal locations. An example is manzanita berries (Arctostaphylos spp.),
which are often abundant on ridge crests. Various raw materials such as toolstone also may

have attracted use of interior sites. Second,
interior sites may have been occupied for defense against attacks from hostile groups living elsewhere on the island. This hypothesis
seems most plausible with regard to sites located on high, narrow ridges: locations that
do not appear to afford easy access to various
interior resources. Third, some interior sites
may have been way stations occupied when
individuals or groups traveled distances on
the island that required more than several
hours of travel time. An example would be
people living in the island’s western sector
traveling to outcrops on the eastern end of
the island to acquire chert. Fourth, certain
interior sites may have been occupied when
freshwater was seasonally unavailable near the
coast but present near the interior site. For
instance, water flows cease in the lower segments of some drainages, but springs may still
flow in upland, interior locations. The small
amount of excavation at each of the 2 sites, as
well as the comparatively small number of
sites on the island for which data from excavation exists, places limitations on the extent
to which these alternative hypotheses may be
evaluated. Although some inferences about
the context for site settlement are possible,
the purpose of such small-scale excavation
should be viewed in the context of a long-term
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TABLE 1. Volumes of excavated deposits (all units 20 ×
20 cm).
Site

Unit

SCRI-555
SCRI-555
SCRI-555
SCRI-574
SCRI-574

1
2
3
1
2

Max. depth Unit volume Site volume
(cm)
(L)
(L)
22
20
30
40
58

8.80
8.00
12.00
16.00
23.20

28.80
39.20

research program aimed at generating more
data from a much larger number of sites.
SITE CHARACTERISTICS AND METHODS
Fieldwork at the sites occurred over a 3day period in July 2005. Units 20 × 20 cm
were excavated at each site: 3 at CA-SCRI555 and 2 at CA-SCRI-574 (Table 1). Excavation with hand tools was in 10-cm arbitrary
levels unless a statigraphic break in the deposits was encountered. Deposits were sifted
through eighth-inch mesh screens, and all materials caught by the screens were bagged for
transport to UCSB (University of California,
Santa Barbara). Each site was mapped with a
total station; however, the files produced by
the data collector became corrupted and could
not be used to produce site maps.
CA-SCRI-555 (Fig. 2) is located on a grasscovered knoll at 410 m above sea level along a
ridge that forms the southern flank of the
island’s Central Valley. The site was recorded
in 1994 by UCLA (University of California,
Los Angeles) archaeological field school students under the direction of Jeanne Arnold. As
seen on the ground surface, site deposits are
in 2 concentrations, each 15–20 m in diameter
and each containing an area approximately
3–5 m in diameter of relatively higher concentration of midden constituents. The 2 highdensity areas are roughly 20 m apart along
an east–west axis. The broad timespan represented by the radiocarbon dates for this site
(Table 2) implies that the relatively simple pattern of midden concentrations visible on the
site surface is not representative of patterns
below surface created during the different intervals of site occupation.
This location is near a point on the island
that is farthest from any point on the coastline,
making this site among the “most interior” on
the island. The northern margin of the Laguna Canyon watershed is directly south, and
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tributaries draining into the Central Valley are
to the north. Despite a search within drainages north and south of the site, no source of
freshwater within 500 m was located. It is possible that a spring once existed nearby but has
disappeared due to loss of soil and vegetation
resulting from intensive sheep grazing during
the late 19th and early 20th centuries. A few
hundred meters downslope within the Laguna
Canyon tributary, however, is a depression apparently caused by an ancient landslide, which
is now filled with gravel. Perhaps a vernal pool
was within this depression at the time of site
occupation.
Units 1 and 3, spaced approximately 2 m
apart on a north–south axis, were in the highdensity area of the western midden, and Unit
2 was in the high-density area of the eastern
midden. Depths from surface to sterile deposits in the 3 units varied between 20 and
30 cm (Table 1). Noticeable stratification was
encountered only in Unit 3. Between 10 and
20 cm below surface were clumps of very
compact midden. Also, a distinct layer of caliche devoid of cultural material occurred between 25 and 27 cm below surface. Three centimeters of midden occurred below the caliche
layer.
CA-SCRI-574 (Fig. 3) was recorded in 1995
during a UCSB field class survey under my
direction. The site is located on a ridge descending southward into Cañada Christy from
the steep, rugged slope directly below crest
of the main northern ridge of the island. This
ridge is one of 10 along Cañada Christy’s north
side, each of which contains several ridgetop
sites at points where land is relatively flat. CASCRI-574 is within a few hundred meters from
the steep slope ascending to the top of the
main northern ridge, at an elevation of 300 m
above sea level. The relatively flat area of the
site is 42 × 75 m, and midden deposits spill
down the steep slopes on both the east and
west sides of the site. Outcrops of volcanic
bedrock exist along the western margin of the
site, and a mortar hole is on the top of one
segment of this outcrop (Fig. 4). An alignment
of 4, or possibly 5, large stones near the northwestern margin of the site may relate to a
structure of some sort, but the pattern of their
distribution is too vague to be confident. A
perennial spring is located 380 m northeast of
the site within a drainage descending from the
main northern ridge; and because the spring is
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Fig. 2. CA-SCRI-555 looking north-northwest. The fieldworkers are standing on the grass-covered knoll where the
site is located.
TABLE 2. Radiocarbon dates (all dates derived from single fragments of Mytilus califorianus valves).
Site

Provenience

SCRI-555
SCRI-555
SCRI-555
SCRI-555
SCRI-555
SCRI-574
SCRI-574

Unit 2, 0–10 cm
Unit 2, 10–20 cm
Unit 3, 10–20 cm
Unit 3, 10–20 cm
Unit 3, 27–30 cm
Unit 2, 40–50 cm
Unit 2, 10–20 cm

Conventional
age

Calibrated date,
2s interval

3780 +
– 25
3920 +
– 30
4500 +
– 35
6200 +
– 90
6110 +
– 29
4270 +
– 70
4570 +
– 70

1609–1394 BC
1800–1518 BC
2574–2283 BC
4671–4257 BC
4450–4254 BC
2356–1897 BC
2821–2799 BC
2779–2312 BCa

Lab number
NOSAMS-101030
NOSAMS-101031
NOSAMS-101032
Beta-210317
D-AMS 1348
Beta-210319
Beta-210318

aThis is the most probable (0.987) of the 2 dates resulting from 2 intersections with the Marine 09 calibration curve.

close to the same elevation as the site, the access is relatively easy.
The 2 units excavated at this site were located approximately 5 m apart within the area
of highest midden density. Unit 1, the northernmost, extended to a depth of 40 cm below
surface. Midden deposits were relatively more
compact between 13 and 20 cm and from 25
to 30 cm. Unit 2 extended to a depth of 58 cm
below surface, and relatively compact midden
again was encountered in this unit, in this case
between 20 and 30 cm.
At UCSB, collections were water-screened,
dried, and sorted into constituent categories.

Shellfish remains, which comprised the bulk
of the collections, were separated according
to taxon. With regard to the shell from Unit 2
at SCRI-574, however, only 200-g subsamples
of each level’s shell was sorted into taxa. At
both sites, bone was in small quantities and
highly fragmented, allowing simple categorization into fish, mammal, and unidentifiable.
Stone flakes were separated by material: chert
and volcanics. Other artifacts were identified
by type. A collections catalog presents these
data along with provenience information and
was the basis for data analysis. The collections,
field records, and collections catalog are housed
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Fig. 3. CA-SCRI-574 looking northeast. The 2 fieldworkers standing in the far background are near the site’s northern
margin.

Fig. 4. Mortar hole within a bedrock outcrop at CA-SCRI-574.
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within the Collections Processing Laboratory
of UCSB’s Department of Anthropology and
eventually will be transferred to the department’s Repository for Archaeological and Ethnographic Collections.
Radiocarbon dates were obtained for both
sites: 5 for CA-SCRI-555 and 2 for CA-SCRI574 (Table 2). All were derived from single
fragments of California mussel (Mytilus californianus) valves that were scraped clean of
adhering residues and washed in distilled water prior to submission. An initial series of 3
radiometric dates was obtained from Beta Analytic, and another 3 were AMS dates obtained
from the National Ocean Sciences Accelerator
Mass Spectrometry Facility at the Woods Hole
Oceanographic Institute. A seventh, also an
AMS date, was obtained from DirectAMS.
RESULTS
Chronology of Site Occupations
Occupation at the 2 sites occurred at various times during the middle Holocene (Table
2). Artifacts in the collections from the sites
(Table 3) are not particularly time-diagnostic,
although a spire-lopped Olivella bead from
CA-SCRI-574 is consistent with the radiocarbon dates pertaining to this site, in that this
bead type is known to have been manufactured between roughly 4000 and 600 BC (Bennyhoff and Hughes 1987:121–122; King 1990:
28, 107–108, 239).
The radiocarbon dates pertaining to CASCRI-555 span a period between approximately 4600 and 1400 BC (Table 2). The 3
earliest dates are from Unit 3, one of the units
in the western midden deposit at this site. Two
of these dates are from the 10–20 cm level and
are roughly 1000 years apart. This depth is
above the caliche layer in the deposits of this
unit (see Methods), and the disparity between
the dates implies that the 25 cm of deposits
above this layer span roughly 2000 years, although use of the site most likely was intermittent over this long interval of time. A third
date obtained from the stratum below the caliche layer is close to the age of the earlier
date from above this layer. This indicates that
the caliche layer does not separate deposits of
significantly different ages. The remaining 2
dates for this site pertain to Unit 2, located in
the eastern midden deposit. Their overlap in
time implies that the 20 cm of homogenous
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deposits within this area of the site dates to a
relatively narrow bracket of time, perhaps <100
years.
Two radiocarbon dates pertain to CA-SCRI574, both from Unit 2. Curiously, the dates are
in reverse order stratigraphically. The dates
span an interval between roughly 2800 and
1900 BC, and it is possible that multiple, distinct occupations occurred during this interval. The stratigraphic changes in the deposits
within this unit hint at this possibility.
Midden Constituents
Midden constituents at the 2 sites are similar in character. At both sites, California mussel shells comprise the bulk of the collections,
equaling over 80% by weight of shellfish remains at both sites (Table 4). Shells of other
taxa are much less abundant, and bones of vertebrates also are in small amounts (Table 4).
Shell density, a rough measure of midden accumulation rate, varies among the units at each
site (Table 5). At CA-SCRI-555, shell density
is very low within Unit 2, located in the eastern midden area. Shell density is much higher
within the western midden area but varies significantly between the 2 units within this area,
even though they are only 2 m apart. Most
likely Unit 1 was just beyond the highest density area. Shell density at CA-SCRI-574 is relatively high, although it also varies between the
2 units excavated at this site.
Shellfish taxa other than the California mussel are much more diverse at CA-SCRI-574
than at CA-SCRI-555, and the lower diversity
at CA-SCRI-555 is consistent over time (Table
6). Some of the taxa, such as small gastropods
and small limpets, probably were introduced
fortuitously into the middens at both sites,
given their very small size. Most likely they
were attached to shells of mussels brought to
the sites. Shells of acorn barnacles (Balanus
spp.) and leaf barnacles (Pollicipes polymerus),
not included in Table 6 but present in all levels of all units, also probably came to the sites
attached to mussel shells. Conversely, purple
sea urchin (Strongylocentrotus purpuratus), represented by spine and test fragments in all unit
deposits, undoubtedly was a food resource.
Vertebrate bone is in such small fragments
that distinction only between mammal and fish
is possible (Table 5). Fragments of fish bone are
rare at both sites, although they are more prevalent at CA-SCRI-574 than at CA-SCRI-555.
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TABLE 3. Manufactured artifacts, distinctive stones, hematite, and asphaltum nodules.
a. Manufactured artifacts
Site
SCRI-555
SCRI-555
SCRI-574
SCRI-574
SCRI-574
SCRI-574
SCRI-574
SCRI-574
SCRI-574
SCRI-574

Unit

Level (cm)

3
3
1
1
1
2
2
2
2
2

10–20
27–30
0–10
0–10
10–20
0–10
20–30
30–40
30–40
30–40

Artifact type

Material

Mass (g)

Drill fragment
Retouched flake
Core fragment
Large end-ground bead (B2ca)
Ornament fragment
Spheroid
Core (questionable)
Crystal
Abraded shell fragment
Barrel bead (B3a)

Chert
Chert
Chert
Olivella biplicata
Unidentified shell
Stone
Chalcedony
Quartz
Mytilus californianus
Olivella biplicata

1.42
6.89
18.83
1.05SCRI0.09
0.07
103.11
0.11
0.93
0.19

aType designations for shell bead follow Bennyhoff and Hughes 1987.

b. Flake counts and mass by material

Site
SCRI-555
SCRI-574

Chert
______________
CNTa
Massb
16
31

Chalcedony
______________
CNT
Mass

4.75
20.76

3
15

Volcanic
______________
CNT
Mass

0.06
3.14

4
26

20.95
40.55

Obsidian
______________
CNT
Mass
—
1

—
0.06

Total
CNT

Density
(flakes · L–1)

23
73

0.8
1.9

aCNT = count
bGrams

c. Hematite nodules
Site

d. Asphaltum nodules

Unit

Level (cm)

Mass (g)

3
3
3
1
1
2
2

0–10
10–20
27–30
10–20
20–30
10–20
30–40

0.88
0.27
0.05
0.12
0.15
0.22
0.09

SCRI-555
SCRI-555
SCRI-555
SCRI-574
SCRI-574
SCRI-574
SCRI-574

Site
SCRI-574
SCRI-574

Unit

Level (cm)

Mass (g)

2
2

10–20
20–30

0.15
0.07

TABLE 4. Abundance of Mytilus and animal bone.

Site

Mytilus mass
(g)

SCRI-555
SCRI-574

3848.64
4606.65a

Mytilus (% total
shellfish)

Mammal (probably
pinniped)
_____________________
Count
Mass (g)

82.2
88.3a

27
29

3.39
4.64

Fish
_______________________
Count
Mass (g)
1
9

0.06
0.85

aData pertain to Unit 1 only.

The bulk of the mammal bone probably is of
pinnipeds, but the small size of the fragments
makes identification uncertain.
Considering the small excavated volumes,
manufactured artifacts are relatively abundant
(Table 3a). CA-SCRI-555 yielded 2, and CASCRI-574 yielded 6, as well as 2 natural objects, a spherical stone and a quartz crystal
that presumably were used in specific activities such as rituals. Of note in the CA-SCRI574 collection are 2 shell beads, both of which

are bead types made over a broad time span
during the middle Holocene (King 1990:28,
107–108, 239). Both sites also yielded small
nodules (<3 mm in length) of hematite (Table
3c). Though none of them exhibited evidence
of abrasion, they undoubtedly are a product of
hematite use in the production of red paint pigment. CA-SCRI-574 also yielded a few small
nodules of asphaltum (Table 3d), which may
have come from artifacts with asphaltum coatings (e.g., baskets for water transport).
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TABLE 5. Shell density per unit.
Site
SCRI-555
SCRI-555
SCRI-555
SCRI-574
SCRI-574

Unit

Total shell
(g)

1
2
3
1
2

2941.37
348.97
1392.37
5218.14
9953.34

Unit volume
(L)
g · L–1
8.8
8.8
12.0
16.0
23.2

334.25
39.66
116.03
326.13
429.02

Flakes of chert, chalcedony, and various
volcanic rocks (basalts, andesites, etc.) are
present at both sites, although they are in
higher density in the CA-SCRI-574 deposits
(Table 3b). Many of the chert flakes are tan
in color and may have come from one of the
many outcrops in the eastern sector of the
island (Perry and Jazwa 2010) or from a yetundiscovered source much nearer the sites,
northwest of Diablo Peak, where bedrocks
similar to those on the eastern end of the island occur. Darker-colored cherts also may be
from the eastern sector of the island, but this
is less certain. Chalcedony is present in the
volcanic bed rocks of the island’s northern
mountain range, and its greater prevalence at
CA-SCRI-574 undoubtedly reflects the site’s
adjacency to outcrops of these bedrocks and
consequently more convenient access. The
one small flake of obsidian from CA-SCRI-574
is likely the result of occasional import of obsidian artifacts from the mainland. No ground
stone artifacts were found at the sites, although
Arnold et al. (1994) reported the presence of
a possible stone mortar rim fragment at CASCRI-555, as well as a possible hammerstone.
DISCUSSION
A large proportion of the interior sites on
Santa Cruz Island, if not the majority, date
to the middle Holocene (Perry 2003, Kennett
2005, Perry and Delaney-Rivera 2011), a pattern also noted on Santa Rosa Island (Orr 1968:
99–100, 179–180; Kennett 2005:134). Consequently, the periods of occupation at CA-SCRI555 and CA-SCRI-574 are not surprising. Both
sites may have been occupied ca. 2300 BC,
but CA-SCRI-555 was occupied substantially
earlier and later. The diverse dates for CASCRI-555 reveal that the occupational histories of some interior sites is complex, and
many more radiocarbon dates, ideally coming
from at least several more units than were excavated, would be necessary to develop a clear
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picture of the occupational sequence. Similarly, the stratigraphic reversal of the 2 dates
for CA-SCRI-574 indicates that a larger number of dates would be needed to ascertain the
occupational sequence at this site. Indeed, it
is possible that each site witnessed many relatively short intervals of regular visitation, each
lasting perhaps no more than a few decades.
Discerning such a pattern of occupation would
be nearly impossible through radiocarbon dating, in light of the inherent error associated
with each date.
The faunal remains imply that shellfish, particularly California mussels, were an important food resource for the occupants at both
sites; and the small quantities of mammal and
fish bones imply that vertebrates supplemented
shellfish. However, this picture of the site occupants’ diet may be misleading. The bedrock
mortar at CA-SCRI-574 probably indicates
that plant foods were collected and processed
at this site, and it is possible that occupants of
both sites consumed more plant foods than
shellfish. Collection and analysis of paleoethnobotanical remains would be necessary to
evaluate this possibility. Interestingly, differences between the 2 sites in diversity of taxa
represented by the shellfish remains may reflect differences in the intertidal habitats where
they were collected. The much higher diversity at CA-SCRI-574 likely results from acquisition of shellfish along rocky intertidal coastlines in the western sector of the island, or
perhaps from the north coast. Occupants of
CA-SCRI-555 undoubtedly acquired shellfish
from the south coast, probably in the vicinity
of the mouth of Laguna Canyon. Water temperature varies between these 2 locations, as
do aspects of intertidal community structure
(Blanchette et al. 2006). However, the ways in
which these differences might have affected
the diversity of shellfish taxa collected prehistorically are unknown.
In light of the considerable distances site
occupants would have had to travel to acquire
shellfish, the large quantities of shellfish remains at the 2 sites is surprising. A possible
explanation is that occupants, having come
from coastal locations, brought shellfish with
them each time they visited the site. Shellfish
could have served as a food supply until resources in the vicinity of the sites were acquired and processed. Another possible explanation is that shellfish provided a good protein
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TABLE 6. Presence of minor shell taxa.

Taxon
Chiton
Crab
Black abalone (Haliotis cracherodii)
Red abalone (Haliotis rufescens)
Red or pink abalone (Haliotis rufescens or corrugata)
Abalone (Haliotis spp.)
Wavy top (Lithopoma undosum)
Giant keyhole limpet (Megathura crenulata)
Purple olive (Olivella biplicata)
Platform mussel (Septifer bifurcatus)
Large gastropod
Purple sea urchin (Strongylocentrotus purpuratus)
TOTAL NUMBER

source needed to maintain a reasonably balanced diet. The Food and Nutrition Board of
the National Academies’ Institute of Medicine
(2005:844) recommends protein amounts between 10% and 35% of energy intake for adults
to remain healthy. Given that food resources
near the sites were primarily plant foods that
would not supply adequate dietary protein for
humans, marine foods may have been necessary if populations were to reside at an interior
site for extended periods. Consequently, site
occupants may have made occasional forays to
the coast to acquire marine foods, particularly
mussels, which would have stayed fresh in their
shells for a few days.
Aside from the acquisition and processing
of food resources, various industrial activities
took place at the 2 sites. The cores in the collection (including cores documented when
CA-SCRI-555 was recorded) imply some onsite production of flakes to be used as tools.
The retouched flake in the CA-SCRI-555 collection presumably is an example. As well, the
ubiquitous presence of small flakes of chert
and volcanic rock indicates that retouching of
flakes and perhaps other kinds of flaked stone
tools took place at both sites. The drill fragment from CA-SCRI-555 implies a more elaborate industrial activity.
The midden accumulation, soil discoloration, charcoal, and manufactured artifacts indicate that occupation at each site persisted
over periods at least a few days long. The sites
were not simply occupied for a portion of a
day while individuals traveled from one location to another on the island, although certainly this use could have occurred as well.

Site
_________________________________________________
555
555
555
(~1600 BC)
(~2400 BC)
(~4400 BC)
574
X
X
X
X
X
X
X
X
X
X

X

X
1

X
3

X
X
2

X
10

The shallowness of the midden deposits and
the high fragmentation of the faunal remains
(both shell and bone) imply that accumulation
of midden constituents was slow and intermittent, allowing the constituents to weather
through exposure to the elements, probably
between episodes of occupation. In short, although the sites are likely to have been residential bases, they were occupied intermittently for relatively short periods of time.
The manner in which each site articulated
with a settlement system is uncertain and may
have shifted from one time interval to the
next. If site occupants were residentially mobile, groups occupying these 2 sites also likely
occupied others in the interior and on the
coast, and some of these other sites may have
been more popular than either of these. If instead the occupants were logistically mobile,
these sites may have been occupied for the
purpose of acquiring resources, most plausibly plant food resources, which then were
transported back to a central base. The small
amount of data from just these 2 sites is insufficient for evaluating these 2 alternatives.
The differences between CA-SCRI-555 and
CA-SCRI-574 are intriguing. In comparison to
CA-SCRI-555, CA-SCRI-574 has somewhat
denser shellfish remains and a somewhat higher
proportion of mussels, a greater weight of vertebrate bone, a greater prevalence of fish bone,
more abundant chert and volcanic stone flakes,
and a greater variety of other artifacts. These
differences indicate that occupation at CASCRI-574 was more intensive, as was articulation with the coast. Perhaps episodes of occupation at this site were longer, and the site’s
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role in a settlement system was more significant. The availability of a reliable source of
freshwater nearby may be a factor influencing
intensity and duration of occupation at this site.
Returning to the 4 hypotheses for occupation of interior sites such as CA-SCRI-555 and
CA-SCRI-574, the available data do not allow
the first to be evaluated because the types of
resources that may have been acquired by the
site occupants are not apparent, although plant
food resources are a strong candidate. Regarding the second hypothesis, both sites are in
relatively defensive locations, and this is particularly the case with CA-SCRI-574 which is
surrounded by steep slopes on 3 sides and
does not appear to be close to easily accessible resource areas. The third hypothesis, that
the sites were occupied as way stations, has
largely been rejected, although it may account
for some of the occupation at the sites. The
fourth hypothesis, that interior sites were occupied if freshwater was available during seasons when it was unavailable on the coast,
may apply to CA-SCRI-574 given its proximity to a perennial spring. It seems less applicable to CA-SCRI-555 since a nearby source of
freshwater has not been located. In the end,
not only would more information about the 2
sites be helpful in evaluating the hypotheses,
but data from many other sites also would
be necessary since the place of any one site
within a settlement system can be understood
only in the context of information from the
suite of sites to which it belongs.
CONCLUSIONS
The preceding discussion highlights the
need for substantially more information than
is currently available about sites in the island’s
interior to test the hypotheses presented above
and in general to determine the nature of island settlement systems. Although small-scale
testing projects such as described here have
their place in generating information, comparable data would be needed from many more
sites, probably a few hundred of the estimated
3000 on the island. Information acquired from
each site ideally should include chronology of
occupation, extent of site deposits per period
of occupation, basic information about midden
constituents, and environmental context. Moreover, the tested sites should be evenly distributed throughout the island. Once information
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from additional sites is acquired, temporal and
spatial patterns undoubtedly will emerge that
will allow testing of the hypotheses discussed
above, as well as others concerning the nature
of island settlement systems. Indeed, patterns
already are beginning to emerge. Based on information from small-scale testing at roughly
50 sites in the island, it is already apparent
that coastal settlement began to be emphasized and interior settlement de-emphasized
beginning sometime between 3000 and 2000
BP (Kennett 2005:169; Perry 2003:248–249).
Additional data from small-scale testing
projects would help reveal aspects of settlement systems. First, larger suites of radiocarbon dates than were obtained from CA-SCRI555 and CA-SCRI-574 would help clarify the
occupational histories of the sites, particularly
in instances where occupation took place during multiple time periods, as is obviously the
case at CA-SCRI-555. Second, collection and
analysis of macrobotanical remains, even if
sample volumes are relatively small, would
provide information about the kinds of plant
food resources acquired (Gill 2013). Analysis
of microbotanical residues adhering to stone
tools used to process plant foods also would be
helpful, but such tools typically are encountered only occasionally during small-scale testing. Third, oxygen-isotope profiles of mussel
valve fragments with intact posterior margins
would allow inferences about season of site
occupation (Killingley 1981; Kennett 2005:
151–153; Braje 2010:107–109). Fourth, information about the depositional processes that
created the site deposits as well as the postdepositional pedogenetic processes would help
efforts to elucidate the occupational histories
of the sites. A clearer idea of depositional patterns at interior sites also would emerge if
small-unit testing, such as that at CA-SCRI555 and CA-SCRI-574, was supplemented by
auger tests dispersed throughout much of the
site areas.
Large-scale projects entailing excavation of
substantial portions of the midden deposits at
interior sites would yield a wider variety of
information pertinent to explicating island settlement systems. They would provide information about depositional features that may occur at interior sites, such as dwellings and
baking pits, and of course yield more robust
samples of floral and faunal remains allowing
more detailed inferences about subsistence
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activities. As well, they would yield information about site structure that might allow
development of more sophisticated sampling
designs for small-scale projects. However, largescale projects are expensive and require substantial time and effort devoted to excavation
and analysis. Consequently, few such projects
will be possible over the next several decades,
and selection of sites for large-scale investigation must be made strategically, based on information about which sites would most likely
contribute insights about the nature of the island’s subsistence-settlement systems during
specific periods of prehistory. From this viewpoint, not only would a program of small-scale
testing provide data useful in its own right for
explicating the nature of settlement systems, it
also may be considered an initial phase of research providing information needed on selecting sites for large-scale investigation.
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EARLY HOLOCENE PEARL OYSTER CIRCULAR FISHHOOKS
AND ORNAMENTS ON ESPÍRITU SANTO ISLAND,
BAJA CALIFORNIA SUR
Harumi Fujita1
ABSTRACT.—Discovery and analysis of 43 pearl oyster (Pinctada mazatlanica) artifacts and associated shell-processing tools from middle and basal levels of Covacha Babisuri, a rock shelter on Espíritu Santo Island, Baja California Sur,
provide evidence of Early and Middle Holocene fishhook production along the southern Gulf of California coast. AMS
14C analysis of a fishhook preform recovered from the lowest stratum of the rock shelter returned a date of 8380 + 50
–
RCYBP (Beta-236254), or 8750–8500 cal BP, with a reservoir effect of 250 +
– 20 years, making this artifact one of the earliest known examples of a shell fishhook in the world. An additional pearl oyster artifact was found in a deeper level dating closer to 10,000 RCYBP, suggesting that this type of fishhook may date to this earlier period.
RESUMEN.—El descubrimiento y el análisis de 43 artefactos hechos de ostras perliferas (Pinctada mazatlanica) y de
herramientas asociadas al procesamiento de las conchas provenientes de niveles medios y de la base de Covacha
Babisuri, un abrigo rocoso que se encuentra en la Isla Espíritu Santo, Baja California Sur, proporcionan pruebas de la
producción de anzuelos en el Holoceno temprano y medio, a lo largo de la costa sur del Golfo de California. A partir del
análisis de Carbono 14 con espectometría de masas con acelerador (AMS 14C, por sus siglas en inglés) de una preforma
de un anzuelo que se recuperó del estrato más bajo del abrigo rocoso, se obtuvo una fecha de 8380 +
– 50 años de carbono radiactivo antes del presente (RCYBP por sus siglas en inglés) (Beta-236254), o 8750–8500 años calibrados antes
del presente, con un efecto reservorio de 250 +
– 20 años, lo que convierte a este artefacto en uno de los primeros ejemplos que se conocen de un anzuelo de concha en el mundo. Se halló un artefacto adicional hecho de ostra perlífera en un
nivel más profundo con datación cercana a los 10,000 RCYBP, lo que sugiere que es posible que este tipo de anzuelo
provenga de este período temprano.

GLOBAL PREHISTORY OF SHELL FISHHOOKS
Fishhooks have been employed in diverse
aquatic habitats throughout prehistory (Goto
1983). They have been fashioned from wood,
bone, shell, turtle shell, and cactus spines.
Shell fishhooks have been reported from many
coastal sites around the globe, including Akab
and Shimal in the United Arab Emirates (Beech
2003, Méry et al. 2008); Valdivia in Ecuador
(Zevallos and Holm 1962, Meggers et al. 1965);
Bahía de Quiani in Chile (Bird 1943); the northeast coast and islands off Australia (Roth 1904,
Rowland 1982, Attenbrow 2010); various Pacific Islands; and Alta California and the Channel Islands (Moratto 1984, Rick et al. 2002,
Breschini and Haversat 2008).
The pearl oyster fishhooks and some of the
associated tools from Espíritu Santo Island, in
the southern Gulf of California in Mexico, are
similar to those found in Australia, along the
Arabian Sea (Roth 1904, Allen 1996, Beech

2003, Méry et al. 2008), and in Valdivia (Meggers et al. 1965:147).
Shell fishhooks have also been recovered
elsewhere in Mexico: at Ensenada de los Muertos in Baja California Sur (Alfonso Rosales personal communication) and Punta de Mita in
Nayarit (Beltrán Medina 2001). J-shaped fishhooks manufactured from mussel shell (Mytilus
sp.) on Cedros Island are situated between
9970 +
– 25 and 10,415 +
– 25 RCYBP and are
the oldest reported in the world (Des Lauriers
2010). These hooks are strong, and their iridescent nacre may have helped attract fish.
Typical shell species used for fishhook production are pearl oyster, abalone (Haliotis sp.),
mussel (Trochus sp. and Mytilus sp.), and turban snail (Turbo sp.). Pearl oyster was used
for fishhook manufacture at various sites dated
between 5500 and 3500 BC in the United
Arab Emirates (Uerpmann 1992, Beech 2003,
Méry et al. 2008); at Marquesas and Cook
Islands and sites in Polynesia and Micronesia

1Centro Baja California Sur, Instituto Nacional de Antropología e Historia Legaspy 1637, Col. Los Olivos, La Paz, B.C.S., 23040, Mexico. E-mail:
harumifuj@gmail.com
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Fig. 1. Espíritu Santo Island, Baja California Sur, Mexico. Sites mentioned in the text: J17, Covacha Babisuri; J57, El
Gallo I-8; J69D, Ballena #3D; J69E, Ballena #3E.

during the Late Prehistoric period; at Valdivia
in Ecuador between 5000 and 3400 RCYBP
(Meggers et al. 1965); and at Covacha Babisuri
and some other sites on Espíritu Santo Island.
Abalone was frequently used for fishhook manufacture at cold water coastal sites such as California (Moratto 1984, McKenzie 2007, Rick et
al. 2002). Mussel shell was used for the Cedros Island fishhooks (Des Lauriers 2010) and
was also used at Quiani Bay in Chile (Bird
1943). Fishhooks made of mussel (Trochus sp.)
were used to capture large fish on the southeast Australian coast, and fishhooks of turban
snail shell have also been recovered in those
areas (Anell 1995 in Beech 2003:292).

BACKGROUND
Fifteen years of archaeological research on
Espíritu Santo Island (1994–2008) confirm the
antiquity of human occupation at Covacha
Babisuri (Figs. 1, 2). AMS 14C analysis of an
unmodified shell sample (Turbo fluctuosus)
recovered from bedrock at the base of the lowest stratum of the rock shelter was dated to
10,970 +
– 60 RCYBP, or 12,350–11,930 cal BP,
with a reservoir effect of 250 +
– 20 years (Beta236259; Reimer et al. 2009, Fujita 2010).
A diverse assortment of fish remains and
lithic shell-working tools were recovered along
with the artifacts. The tools include utilized
flakes, knives, abraders, drills, and polished
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Fig. 2. Stratigraphy of Covacha Babisuri in north profile.

stones. A coral reamer and drill, as well as
pearl oyster debitage, preforms, and fragments,
indicate that manufacture of the fishhooks and
ornaments took place within the rock shelter.
Fossilized shell was also present and may have
been used as side and end scrapers, drills, and
containers (Fujita and Melgar 2014).
The artifacts include complete and fragmented pieces of both circular shell fishhooks
and ornaments. Some are retouched and others
are abraded (Fig. 3). Though it is assumed that
the circular shell artifacts are fishhooks, an 18thcentury drawing by an English pirate George
Shelvocke shows a native Pericú fisherman in
Cabo San Lucas wearing a circular shell fishhook as an earring (Andrews 1979). Thus the
Covacha Babisuri artifacts may have served
both as fishhooks and as circular ornaments.
THE ARTIFACTS
Of the 43 shell artifacts, 14 were recovered
from a stratum dated to between 11,000 and
8000 RCYBP, and 29 artifacts were recovered
from the middle stratum dating between 8000
and 3000 RCYBP. The complete and nearly
complete Covacha Babisuri artifacts are almost
circular, with small openings and sharp pointed

ends. They vary in size and lack barbs, holes,
or grooves through which line could have been
tied. Of the 41 samples that could be measured, exterior diameters ranged from 2.1 cm
to more than 6.2 cm, with a median of 3.4
cm. Thickness varied from 1 to 5 mm for complete pieces and from 2 to 11 mm for incomplete pieces.
Covacha Babisuri’s occupants used a variety of shell ornaments, including spire-lopped
Olivella sp. beads and worked pearls. Pearls
with incisions or grooves were recovered in
the middle and lower strata corresponding to
the Middle and Early Holocene. As recorded
by Jesuit fathers and the first European visitors to the region, pearls were used in necklaces and bracelets, along with seeds, marine
snails, and cut shells (Del Barco 1973:186).
Fish remains dating to the Terminal Pleistocene and Early Holocene were found with
the artifacts, suggesting that the fishhooks
were used locally to capture large- and midsized fish, such as tuna (Thunnus sp.), skipjack
(Euthynnus sp.), croaker (Sciaenidae), jack (Caranx caninus), parrotfish (Scarus ghobban), triggerfish (Balistes polylepis), bull shark (Carcharhinus leucas), and angel shark (Squatina
califórnica; Noah 2002, Guía 2008, Gerardo
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Fig. 3. Early Holocene pearl oyster shell fishhooks
of Covacha Babisuri: A, preform fragment; B, preform;
C, shell fishhook fragment; D, shell fishhook; E, fragment of the dated preform; F, preform shown above
the scale in photo G; G, preform found in the lower
stratum in situ.

González Barba personal communication). In
early prehistory, these species were likely captured with hooks and lines, as well as lances
or spears with projectile points. Lacking barbs,
circular fishhooks have the advantages of being easy to remove from fish and not snagging
easily on rocks or reefs. Fishing methodology
may have changed once wooden spears and
harpoons became more important (Del Barco
1973, Mathes 1970, 1980).
Other sites on Espíritu Santo Island have
produced pearl oyster fishhooks (Fujita 2010).
Two fragments of circular fishhooks or ornaments were recovered in the rock shelter J-57
El Gallo I-8, and a large fishhook or ornament
preform was found at the La Ballena mesa
site (J-69D). Although these fishhooks have
not been directly dated, a shell sample below
one of the fragmented shell fishhooks from
the J-57 site was dated to the Early Holocene

(8320 +
– 50 RCYBP, or 8630 to 8420 cal BP;
Beta-236265), and a shell sample below the
preform from J-69D dates to 8770 +
– 60
RCYBP, or 9320 to 9000 cal BP (Beta-233678),
suggesting the preform also dates to the Early
Holocene. Another open campsite on the La
Ballena mesa (J-69E) has yielded various
Early and Middle Holocene shell fishhooks
and associated lithic and coral tools related to
the manufacture of fishhooks (Davis 2013). In
addition, 6 shell samples recovered at this site
have been dated to between 11,284 +
– 121
RCYBP and 6610 +
– 75 RCYBP, or 12,700 to
12,235 cal BP and 7009 to 6653 cal BP,
respectively (Fujita 2010). Thus it is possible
that the manufacture and use of shell fishhooks on Espíritu Santo Island might be as
early as or contemporary with similar artifacts
reported from Cedros Island (Des Lauriers
2010).
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MANUFACTURE PROCESS

As described by others (Attenbrow 2010;
Best 1929 in Beech 2003:293; Charpentier and
Méry 1997 in Beech 2003:293; Méry et al.
2008; Roth 1904), the production process of
shell fishhooks on Espíritu Santo Island in
southern Baja California is as follows:
1. The thickest part of the shell is perforated with a punch or drill made of rock, shell,
or coral. The perforation is enlarged progressively until the desired diameter (typically between 10 and 35 mm) is achieved. This is
accomplished by abrading the shell with a polished stone and with coral previously soaked
in water.
2. The edges of the preform are retouched
to a circular form by using a thin abrader/hammerstone of porous rock or coral.
3. Abraders or coral are used to form the Cshaped opening.
4. The surfaces of the hook are abraded with
abrading stones to obtain the desired form and
uniform thickness.
Some of the Covacha Babisuri preforms suggest manufacture of circular fishhooks with wide
openings. The alternative production process
for such fishhooks involves perforating the
preform after it had been formed into an oval
as follows:
A. The pearl oyster shell is retouched into an
oval form with a coral abrader/hammerstone.
B. In the thick central margin of the ovalshaped shell, a half circle is perforated with a
reamer, hammerstone, and thin rock or coral
drill. Some are retouched to obtain slightly
curved extremities to form the narrower
openings.
C. The edges of the preform are retouched
to obtain the desired form by using a long,
thin coral abrader/hammerstone.
D. The surfaces of the hook are polished
with a rock or coral reamer to obtain the
desired form and uniform thickness.
DISCUSSION AND CONCLUSIONS
Evidence for manufacture and usage of
pearl oyster circular fishhooks and/or ornaments at Covacha Babisuri dates to the beginning of the Early Holocene, about 10,000
years ago, and possibly extends earlier into the
Terminal Pleistocene. Although the dietary
contribution of terrestrial fauna found at the
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cave has not yet been determined, it is clear
that the Espíritu Santo islanders focused on
exploiting marine resources, primarily mollusks and a wide variety of fish species. Similarly, archaeology at Cedros Island in the
Pacific Ocean of northern Baja California has
produced Early Holocene shell fishhooks (Des
Lauriers 2010). However, Cedros Island is approximately 900 km across land and more than
1200 km by sea from Espíritu Santo Island in
the Gulf of California. Thus there is not sufficient archaeological evidence to establish a
social interaction between these 2 islands. Discovery of shell fishhooks at early sites on both
islands, as well as the similar marine-focused
subsistence orientations, contribute to the growing body of data supporting significant early
New World coastal adaptations (see Erlandson et al. 2009). Interestingly, the earliest
evidence for circular shell fishhooks (Mytilus
californianus and Haliotis rufescens) in Alta
California and the Channel Islands is around
2500 cal BP, considerably later than the fishhooks from Baja California. The reasons for
this difference between the 2 regions is unclear and warrants additional research. Future
research will also investigate similarities or
differences in lithic technology and subsistence patterns in the early sites on the peninsula of Baja California and how these may
relate to fishhook production and maritime foraging. For now, the discovery of circular pearl
oyster fishhooks in at least 4 regions of the
globe—United Arab Emirates, northeastern
Australia, Ecuador on the South American Pacific coast, and southern Baja California—is a
testament to the importance of this technology
as part of the maritime toolkit for some early
New World coastal peoples.
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DEFINING THE HISTORIC LANDSCAPE ON EASTERN SANTA ROSA
ISLAND: ARCHAEOLOGICAL INVESTIGATIONS AT QSHIWQSHIW
Todd J. Braje1,4, Torben C. Rick2, Leslie Reeder-Myers2, Breana Campbell1, and Kelly Minas3
ABSTRACT.—The Chumash village of Qshiwqshiw, located on eastern Santa Rosa Island, is described in ethnographic
sources as one of the largest Chumash villages on the northern Channel Islands, with 4 chiefs and 119 baptisms according to mission records. The village is thought to correlate with 2 archaeological sites (CA-SRI-85 and CA-SRI-87) that
contain large and dense shell-midden deposits. Despite the importance of these sites for helping understand Late
(650–168 cal BP) and Historic (AD 1769–1830) Period Chumash lifeways, only limited surface collections, one small column sample, and 4 radiocarbon dates were previously available, leaving unanswered important questions about the
chronology and structure of these sites. To help fill these gaps, we recently excavated, mapped, and obtained several
new radiocarbon dates for CA-SRI-85 and CA-SRI-87. Radiocarbon dating and artifact analyses demonstrate that CASRI-85 served as an important Late Period village that had continued occupation into the Historic Period. Additional
radiocarbon dates and glass beads confirm that CA-SRI-87 was likely the epicenter of Historic Period occupation, but
testing also revealed that the site was occupied about 3000 years ago. The data paint a complex occupational history for
both sites and provide the chronological and spatial context for future investigations into the historical ecology and cultural landscape of eastern Santa Rosa Island.
RESUMEN.—El pueblo Chumash de Qshiwqshiw, ubicado en la región oriental de la isla de Santa Rosa, es descrito
en las fuentes etnográficas como uno de los pueblos Chumash más grandes de las Islas del Archipiélago del Norte, con
cuatro jefes y 119 bautismos documentados en registros de la misión. Se cree que el pueblo esta correlacionado con dos
sitios arqueológicos (CA-SRI-85 y CA-SRI-87) que contienen grandes y densos concheros. En contraste con la importancia de estos sitios para ayudar a entender los estilos de vida de los Chumash durante los Periodos Tardío (650–168 cal
BP) e Histórico (1769–1830 AD), sólo están disponibles limitadas colecciones de superficie, una pequeña muestra de
columna, y cuatro fechas de radiocarbono, dejando preguntas importantes abiertas sobre la cronología y la estructura de
estos sitios. Para llenar estos vacíos de información, recientemente excavamos, mapeamos, y obtuvimos varias nuevas
fechas de radiocarbono para CA-SRI-85 y CA-SRI-87. La datación por radiocarbono y el análisis de artefactos demuestran que la CA-SRI-85 sirvió como un pueblo importante del Periodo Tardío habitado continuamente hasta el Periodo
Histórico. Fechas adicionales de radiocarbono y cuentas de vidrio confirman que CA-SRI-87 muy probablemente fue el
epicentro de la habitación de la región durante el Periodo Histórico, pero las pruebas también revelaron que el sitio ya
estaba habitado desde hace aproximadamente 3000 años. Estos datos dibujan una historia habitacional compleja para
ambos sitios y proporcionan el contexto cronológico y espacial para investigaciones futuras sobre la ecología histórica y
el paisaje cultural de la región oriental de la isla de Santa Rosa.

The arrival of Juan Rodríguez Cabrillo and
his crew on the California Channel Islands in
AD 1542–1543 aboard 3 Spanish ships marked
the beginning of a turbulent period of transition and reorganization for the Chumash and
other Native Californians (Wagner 1929). Although contacts between southern Californian
Indian groups and the Spanish were sporadic
over the next 200 years, epidemics (Erlandson
and Bartoy 1995, Erlandson et al. 2001) and
“crisis cults” (Bean and Vane 1978; Chartkoff
and Chartkoff 1984:241) rapidly transformed
the world for native peoples. The construction

of Mission San Diego in 1769 coincided with the
beginning of the Historic Period (AD 1769–
1830) and signaled the beginning of an aggressive colonization campaign of Alta California
by the Spanish. Anthropologists and historians
have consulted ethnohistoric accounts, travel
logs, and mission records to document and
better understand the lifeways of native peoples at historic contact and the consequences
of this meeting of different cultures (e.g., Kroeber 1925, Heizer 1955, Johnson 1999).
For Channel Island archaeologists, much of
the Historic Period research has centered on
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identifying the roughly 22 or 23 villages (rancherías) named by Chumash consultants in the
late 19th and early 20th centuries (Johnson
1999, 2001). Two ethnographic sources laid the
foundation for archaeological ground-truthing:
mission register data and ranchería locations
as described by Chumash elders Juan Esteban
Pico (Heizer 1955, McLendon and Johnson
1999) and Fernando Librado (Harrington 1913,
Johnson 1982, Arnold 1990). Archaeologists have
used radiocarbon dating, identification of metal
tools, glass trade beads or other clearly European trade goods, and the presence of dense
shell-midden deposits and house depressions
to correlate historic rancherías with existing archaeological sites (Orr 1968, Arnold 1990, Johnson 1993, 1999, Kennett et al. 2000, Kennett
2005:91–104, Rick 2007a, 2007b).
After decades of ethnographic and archaeological research, many of the rancherías have
been identified with a high degree of certainty.
However, inconsistencies between aspects of
the mission records and ethnohistoric accounts
have resulted in some uncertainty about the
names, locations, and number of rancherías at
historic contact. Ethnohistorian and archaeologist John Johnson recently summarized the
work of Channel Island archaeologists to archaeologically verify the historic island rancherías. He determined that only 2 village locations are “definite,” 9 are “very likely,” 4 are
“likely,” 5 are “uncertain,” 2 are “possible,” and
1 is “unknown” (Glassow 2010:3.6–3.15). Questions even remain about some rancherías Johnson believes to be “very likely.” These include
Qshiwqshiw (translated to “bird droppings”),
which is thought to be located on the east end
of Santa Rosa Island near the mouth of Old
Ranch Canyon.
Qshiwqshiw is one of the largest island
Chumash villages by baptismal counts (n =
119) and appears to have had 4 chiefs. Johnson and archaeologist Douglas Kennett (1998,
2005, Kennett and Conlee 2002) suggest that
CA-SRI-85 and CA-SRI-87 are the most likely
corresponding archaeological sites. Glass beads
have been found at CA-SRI-87, but only limited fieldwork has been conducted at the 2
sites. It remains to be seen whether both sites
were occupied historically or whether only
CA-SRI-87 was occupied during the Historic
Period, with CA-SRI-85 occupied during the
Late Period. Here, we discuss our recent fieldwork at CA-SRI-85 and CA-SRI-87, which
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included extensive mapping and excavation of
auger holes and a test unit, and we present a
series of new radiocarbon dates that help define the chronology and occupational histories
of these 2 important sites. Our data form the
foundation for future investigations into the
historical ecology and ethnobiology of eastern
Santa Rosa Island.
Environmental and Cultural Context
At 217 km2 Santa Rosa Island is the second
largest of the northern Channel Islands and is
situated 44 km off the mainland Santa Barbara
coast, approximately 9 km west of Santa Cruz
Island and 5 km east of San Miguel Island
(Fig. 1; Schoenherr et al. 1999; Table 1). Much
like the mainland coast and the other northern
Channel Islands, Santa Rosa contains a variety
of marine mammals and a diverse array of marine resources, including intertidal and subtidal
shellfish, and nearshore, kelp forest, and pelagic fishes. The island supports terrestrial ecosystems, with several perennial streams, high
mountain peaks, inland valleys, rolling tablelands, and vegetation communities including island chaparral, oak and riparian woodland, and
the Torrey pine (Pinus torreyana insularis).
This rich marine ecosystem and its adequate
terrestrial resources attracted the first island
inhabitants some 13,000 (or more) calendar years
ago (Johnson et al. 2002). The number and size
of archaeological sites increased throughout
the Holocene as more people occupied island
habitats (Rick et al. 2005a). During the last 1500
years, however, many of the typically Chumash
cultural traits, first described by Spanish explorers, took shape. Large coastal villages were
established around the island perimeters; plank
canoes (tomols) transported food stuffs, people,
and trade items between the island and mainland; shell money beads became the standardized trade currency; and hereditary chiefs established sociopolitical authority (Arnold 2001,
Kennett 2005, Rick et al. 2005a). Of the 22 or
23 northern Channel Island ethnohistoric villages, 9 were located on Santa Rosa Island,
one of which was positioned on the far eastern
end of the island near the mouth of Old Ranch
Canyon.
Old Ranch Canyon is the largest drainage
on the island and runs in a northwest–southeast direction. At its mouth is a large coastal
plain and a small predominately freshwater
marsh that, along with a similar system at the
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Fig. 1. Map of Santa Rosa Island, the Santa Barbara Channel Islands, and the archaeological sites and geographic features discussed in the text (base map by L. Reeder-Myers).
TABLE 1. Notes from auger-hole excavations at CA-SRI-85 and CA-SRI-87.
Auger
CA-SRI-85
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
CA-SRI-87
1
2
3
4
5

Depth (cm)

Notes

52
100
44
125
90
135
89
79
84
70
135
90
75
12
20
12
45

Possible house depression; fragmented shell visually dominated by Olivella shell
Possible house depression; dense midden with a variety of shell and fish bone
Possible house depression; dense shell midden
Possible house depression; dense midden with abundant shell and bone
Possible house depression; thin midden deposit
Possible house depression; 2 strata, one thin then a thick deposit in the lower 50 cmbs
Possible house depression; thin, moderately dense midden between 50 and 89 cm
Possible house depression; relatively thin midden deposit in loose sandy soil
Possible house depression; thin but dark midden soil from 50 to 84 cm
Dark but thin shell midden beginning at ~50 cm
Dark and dense midden soil at 80–135 cm; no visible house-depression feature
Thick midden throughout auger but no visible house-depression feature
Nearly sterile soil with a few shell fragments in the upper 20 cm
Sterile
Trace shell
One lithic artifact, no shell
Sterile

67
157
129
105
62

Moderately dense, highly fragmented shell in sandy matrix
Exceptionally dense shell midden in upper 80 cm
Similar deposits to auger 2, with sterile reached at 129 cm
Dense shell midden with abundant shell and bone remains
Highly fragmented but dense midden with abundant shell and Olivella
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Fig. 2. Locations of CA-SRI-85 and CA-SRI-87, south and north of the mouth of Old Ranch Canyon. For scale reference, CA-SRI-85 is approximately 75 m at its widest point, parallel to the shoreline (by L. Reeder-Myers).

mouth of adjacent Old Ranch House Canyon,
was once a large estuary between about 8000
and 5900 years ago (Cole and Liu 1994, Rick
et al. 2005b). The mouth of Old Ranch Canyon
is flanked by broad sandy beaches to the north
and south and a surf-swept sandspit, Skunk
Point, to the north. These habitats foster a variety of marine shellfish, seabirds, marine mammals, and other organisms. A recent archaeological survey of the entire canyon documented
46 archaeological sites with associated radiocarbon dates ranging in age from 8180 to 300
cal BP (Rick 2009:25). Even more sites may
exist along the canyon bottoms, but these sites
have not been identified due to heavy sedimentary accumulation and the introduction of
dense, invasive grasses during the historical
ranching period.
The 2 largest archaeological sites in the Old
Ranch Canyon watershed are found at its eastern terminus, CA-SRI-85 and CA-SRI-87 (Fig.
2), and are the most likely locations for the
historic village of Qshiwqshiw. In the 1880s,
Pico described Qshiwqshiw’s location at the
mouth of Old Ranch Canyon, but Johnson (1982)
originally suspected that the information was
incorrect and that the village was located to
the northwest at Southeast Anchorage within
Bechers Bay. Santa Barbara Museum of Natural History archaeologist Phil Orr (1968) identified a large Late Period village with 10 house
depressions at CA-SRI-77, and Johnson (1982)
thought that future fieldwork would produce

artifacts or radiocarbon dates that would confirm a Historic Period occupation. A substantial
historic occupation has never been verified at
this site, however, even after repeated visits by
Kennett (1998:218); and the majority of the
deposits seem to represent Middle (2440–650
cal BP) to Late Period occupations and earlier
settlement during the Middle Holocene (7500–
3500 cal BP).
Orr (1968) also identified house depressions
at the mouth of Old Ranch Canyon at CASRI-85. Located directly to the south of the
canyon and bordered by a freshwater marsh to
the north and a sandy beach to the east, CASRI-85 is positioned on a small terrace with
deep midden deposits (50–150 cm) visibly eroding from the coastal sea cliff and the drainage
front. Much of the site surface is heavily vegetated with low-lying grasses. When Orr first
recorded the site, he noted 8 house depressions but no other features or artifacts. Orr
recorded the midden at CA-SRI-87 as being
directly to the north and separated by approximately 300 m of sandy beach, but he did not
report any features or artifacts. CA-SRI-87 is
positioned immediately beyond a rocky outcrop to the east. Much of the site is covered
by sand and grasses, but dense midden caps a
small dune feature running to the northwest.
During an archaeological survey in the early
1990s, National Park Service archaeologist
Don Morris identified 8 house depressions and
4 glass trade beads at CA-SRI-87. Subsequent
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work at the site by Kennett (1998:218, 2005:
99) recovered several needle-drilled Olivella1
wall beads and at least one glass bead. These
findings confirm that CA-SRI-87 is probably
the location of Qshiwqshiw. However, no radiocarbon dates were obtained, and questions
remain about how long the site was occupied.
Additional archaeological testing was conducted
by archaeologist Ann Munns a little more than
a decade ago, but the results of her research
have not yet been reported. More recent visits
to the site by Rick during 2003–2005 found a
site that was well vegetated, with no evidence
of house depressions or other features apart
from shell midden on the surface.
As part of an effort to document the location of Historic Period villages across Santa
Rosa Island, Kennett (2005) obtained 3 radiocarbon dates at CA-SRI-85, along with an earlier date run by ichthyologist Carl Hubbs (as
cited in Kennett 1998:458), which all suggested
a Late Period occupation. Here, we address 3
interrelated research questions: (1) when people first began to occupy CA-SRI-85 and CASRI-87; (2) whether both CA-SRI-85 and CASRI-87 were occupied during the Late and
Historic periods; and (3) whether CA-SRI-85
was alternatively the locus of a Late Period occupation that was abandoned and relocated to
CA-SRI-87 at historic contact.
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Seventeen auger holes were excavated at
CA-SRI-85, along with 5 at CA-SRI-87. These
holes were positioned to determine the site
boundaries and the depth of site deposits and
to obtain radiocarbon samples from various locations at the site. At CA-SRI-85, augers helped
ground-truth surface features where possible
house depressions are still visible on the surface.
All auger samples and a 1.0 × 0.5-m excavation unit at CA-SRI-85 were screened over
1/16-inch mesh to maximize the collection of
beads and other small artifacts and ecofacts.
Radiocarbon dates were obtained on single
marine-shell fragments collected in situ from
site deposits and were analyzed by the National Ocean Sciences AMS (NOSAMS) facility at Woods Hole Oceanographic Institute or
the DirectAMS facility in Seattle, Washington.
To remove any contaminants prior to dating,
all specimens were etched in dilute hydrochloric acid to remove the outer shell layers
that are most susceptible to diagenesis. Specimens were then rinsed in distilled water and
processed according to standard laboratory procedures and methods at NOSAMS or DirectAMS. All radiocarbon dates, including those
run by earlier researchers, were calibrated using CALIB 6.0 and the Marine09 calibration
curve (Reimer et al. 2009); an R of 261 +
– 21
was applied for all marine samples (see Jazwa
et al. 2012:73).

METHODS
RESULTS
During summer 2012, we visited CA-SRI85 and CA-SRI-87 to conduct site mapping and
subsurface excavations and to collect shell samples for radiocarbon dating. We worked closely
with Chumash monitors in order to minimize
our impact on these relatively well-preserved
deposits while still obtaining information that
will assist in understanding the chronology
and structure of these 2 sites. Our fieldwork
focused on mapping the site features, determining the horizontal and vertical extent of
archaeological deposits, and obtaining marine
shell samples for radiocarbon dating from in
situ shell-midden deposits. High-precision mapping was conducted using a laser transit. Topographic data, house-depression locations and
sizes, site boundaries, and locations of augers
and test units were all recorded, and maps
were drafted using ArcGIS 10.1.

Our field research at CA-SRI-85 helped
identify the site boundaries and density of subsurface deposits (Fig. 3). The main site area at
CA-SRI-85 is approximately 2060 m2 and is
bordered by a freshwater marsh to the north
and a sandy beach to the east. The southwestern site area is bordered by a thin 990-m2
lithic scatter that is visible within de-vegetated blowouts.
At CA-SRI-85, auger holes were positioned
at the center of possible house depressions
and along 2 perpendicular, linear transects to
help determine the site boundaries. Nine house
depressions were tentatively identified based
on surface features and the presence of thick
midden deposits that formed a circular shape
(Table 1). These features ranged in depth from
44 cm to 135 cm, and most contained dense

1The genus name for purple olive snail shells has recently changed from Olivella to Callianax. Since Olivella has been used for over 100 years in the
archaeological literature, we will continue to use it for consistency.
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Fig. 3. Map of CA-SRI-85 showing the site boundaries and location of possible house features, auger holes, and excavation unit (by L. Reeder-Myers).

deposits of shell and bone, with limited numbers of artifacts such as chipped stone and
whole and broken Olivella shell. Unfortunately,
sea cliff erosion and trampling and erosion from
cattle and sheep grazing may have destroyed
or obscured additional house features. The only
way to confidently determine the exact number of houses will be with large-scale subsurface excavations that can identify subsurface
house floors.
Three new radiocarbon dates were obtained
on well-preserved California mussel (Mytilus
californianus) shell collected from the south wall
of unit 1 (Table 2). Eleven new radiocarbon
dates also were obtained from the best preserved and deepest auger holes at CA-SRI-85.
The 1-sigma age range of these dates combined
with the 4 radiocarbon dates run by earlier researchers suggests an occupation at CA-SRI85 between 1230 and 250 cal BP. Together, these
18 radiocarbon dates indicate a late Middle Period to Historic Period occupation. The artifact

assemblage recovered from both the auger holes
and unit 1 is dominated by Olivella wall and
callus cup beads, Olivella bead-production detritus, utilized/retouched flakes, chert cores,
microblades, and microdrills. Though analysis
is still ongoing, no clearly European artifacts
such as glass trade beads, needle-drilled beads,
or bottle glass have been identified. However,
careful measurement of the perforation diameters and maximum bevel widths and identification of perforation types of Olivella wall
beads from CA-SRI-85 will help identify any
needle-drilled beads from our assemblage (see
Graesch 2001).
The only auger hole to produce a radiocarbon date with a 2-sigma age range clearly
within the Historic Period was auger 7, taken
from the possible house depression at the far
southeastern extent of the site (Fig. 3). The radiocarbon chronology suggests that the central
and northwestern portion of the site was occupied during the Late Period, with the Historic

Unit 1, 0–10 cmbs
Sample A3, unit 1, 70–80 cmbs
Sea-cliff profile, 120 cmbs
Auger 1, 47 cmbs
Auger 2, 10 cmbs
Auger 2, 95–100 cmbs
Auger 3, 25 cmbs
Auger 4, 123 cmbs
Auger 5, 50 cmbs
Auger 6, 5–10 cmbs
Auger 7, 8 cmbs
Auger 8, 15 cmbs
Auger 9, 15 cmbs
Auger 9, 80–84 cmbs
Unit 1, 5–10 cmbs, South Profile
Unit 1, 25–30 cmbs, South Profile
Unit 1, 45–50 cmbs, South Profile
Auger 2, 140–14 cmbs, Bottom
Auger 3, 5–10 cmbs, Top
Auger 3, ~120 cmbs, Bottom
Auger 5, 50–53 cmbs, Bottom

SRI-85a
SRI-85b
SRI-85c
SRI-85d
SRI-85e
SRI-85f
SRI-85g
SRI-85h
SRI-85i
SRI-85j
SRI-85k
SRI-85l
SRI-85m
SRI-85n
SRI-85o
SRI-85p
SRI-85q
SRI-87a
SRI-87b
SRI-87c
SRI-87d

Beta-96870
Beta-107044
Beta-100513
D-AMS 002805
D-AMS 002806
D-AMS 002807
D-AMS 002808
D-AMS 002809
D-AMS 002810
D-AMS 002811
D-AMS 002812
D-AMS 002813
D-AMS 002814
D-AMS 002815
OS-98749
OS-98748
OS-98747
OS-98746
OS-98745
OS-98744
OS-98743

Lab no.
Hc
Mc
Mc
Mc
Mc
Mc
Mc
Mc
Mc
Mc
Mc
Mc
Mc
Mc
Mc
Mc
Mc
Mc
Mc
Mc
Mc

Materialc
1060 +
– 60
1270 +
– 60
1300 +
– 80
1015 +
– 30
1145 +
– 30
1545 +
– 30
1330 +
– 30
1140 +
– 30
1020 +
– 30
1015 +
– 30
890 +
– 25
1060 +
– 30
985 +
– 25
1095 +
– 30
1380 +
– 25
1550 +
– 20
1880 +
– 20
3670 +
– 25
815 +
– 20
995 +
– 20
890 +
– 30

Conventional
14C age
500–370
640–540
665–540
450–335
530–475
880–780
670–605
520–470
455–340
450–335
310–250
485–410
410–320
500–440
660–730
880–790
1230–1150
3335–3245
250–145
420–330
320–240

520–300
680–500
750–490
470–300
560–440
910–735
690–550
550–435
475–305
470–300
380–145
500–330
450–290
530–400
700–640
910–750
1260–1100
3370–3190
270–90
450–300
380–145

AD 1430–1650
AD 1270–1450
AD 1200–1460
AD 1480–1650
AD 1390–1510
AD 1040–1215
AD 1260–1400
AD 1400–1515
AD 1475–1645
AD 1480–1650
AD 1570–1805
AD 1450–1620
AD 1500–1660
AD 1420–1550
AD 1210–1330
AD 1040–1200
AD 690–850
1420–1240 BC
AD 1680–1860
AD 1500–1650
AD 1570–1810

Calibrated age Calibrated age
Calibrated age
(cal BP, 1 sigma) (cal BP, 2 sigma) (cal AD/BC, 2 sigma)

Kennett 1998
Kennett 1998
Kennett 1998
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

Source

aAn additional radiocarbon date (Lab # LJ-0514) was obtained by Hubbs from CA-SRI-85 from charcoal in a hearth. The radiocarbon date yielded a conventional 14C age of 970 + 250; however, we have not included this date due to the large
–
error range and lack of provenience information.
bLetters next to site numbers correspond to calibrated age designations in Fig. 5.
cHc = Haliotis cracherodii, Mc = Mytilus californianus.

Provenience

Site no.b

TABLE 2. Radiocarbon dates from CA-SRI-85 and CA-SRI-87.a
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Fig. 4. Map of CA-SRI-87 showing the site boundaries and location of auger holes (by L. Reeder-Myers).

Period occupations concentrated in the southern portion of the site. The midden deposits
from auger 7 are relatively stable, and the lack
of clearly Historic Period artifacts (metal drills,
glass beads, bottle glass, etc.) may be best explained by spatial changes during the occupation of CA-SRI-85.
With no house depressions currently visible on the surface at CA-SRI-87, we positioned
auger holes along a linear transect, sampling
the thickest shell-midden deposits (Fig. 4). Auger samples revealed deep and thick shellmidden deposits, ranging from 62 to 157 cm,
many as thick or thicker than those at CASRI-85. These results suggest that house features may exist at CA-SRI-87 but are likely
buried below historic dune sands and thick
vegetation cover. Large-scale excavations will be
the only means of positively identifying living
floors and other domestic features at the site.
Bordered on the east by rocky intertidal
and sandy beaches and to the west by wetlands, CA-SRI-87 measures at least 6750 m2,
with the thickest shell-midden deposits likely
concentrated in a 1230-m2 area. Auger samples produced very few artifacts, other than
fragmented Olivella shell, likely used in bead
production, and thick accumulations of shell
and fish, bird, and sea mammal bone.

Four radiocarbon dates were obtained on
well-preserved California mussel shell fragments from CA-SRI-87. Three of the dates,
which are from the basal deposits of augers 3
and 5 and the top of auger 3, span the Protohistoric (AD 1542–1769) to Historic Periods,
ranging in age from 420 to 145 cal BP. These
radiocarbon dates, the first obtained for CASRI-87, combined with the glass trade beads
and needle-drilled Olivella beads recovered
by earlier researchers (Kennett 2005:99), suggest that this area was part of the historic village described by Chumash elder Pico. The
deposits at the base of auger 2 also produced a
1-sigma age range of 3335 to 3245 cal BP, suggesting that the site was occupied beginning
as early as the early Late Holocene (3500 cal
BP to present).
CONCLUSIONS
Our mapping, radiocarbon dating, and subsurface excavations suggest that the historic
village of Qshiwqshiw likely consists of 2 localities: CA-SRI-85 and CA-SRI-87. The primary
village during the late Middle Period to Late Period was located at CA-SRI-85. During the Historic Period, Qshiwqshiw was expanded to occupy landforms at CA-SRI-87, with a contracted
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Fig. 5. Radiocarbon chronology for CA-SRI-85 and CA-SRI-87. One- and 2-sigma age ranges are expressed in calibrated years AD (by T. Rick).

historic occupation at CA-SRI-85 concentrated
in the southeastern portion of the site. The degree of historic land use at CA-SRI-85 is still
uncertain, but the locality seems to primarily
be a Late Period village occupied prior to first
Spanish arrival. Setting aside the 3200-yearold date from CA-SRI-87 that clearly represents an earlier site component, the 2-sigma
radiocarbon age ranges at CA-SRI-85 and CASRI-87 suggest a likely Late to Historic Period
land-use scenario at the mouth of Old Ranch
Canyon. The youngest end of the calibrated

radiocarbon age ranges at CA-SRI-85 and the
oldest end at CA-SRI-87 suggest that human
occupation of the large Late Period village at
CA-SRI-85 was contracted right before or was
coincident with first contact with Cabrillo and
his crew in AD 1542 (Fig. 5). Shortly thereafter, during the more than 200-year period
between first contact and the beginning of the
California Mission Period, CA-SRI-85 was occupied by a smaller community concentrated
in the southeastern portion of the site, with the
epicenter of the historic village of Qshiwqshiw
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established at CA-SRI-87. Determining whether
this pattern of land use was due to the introduction of Old World diseases (see Erlandson
and Bartoy 1995, Erlandson et al. 2001), human impacts on local subsistence resources, or
some other reason will require continued archaeological investigation.
The apparent absence of other potential historic village sites on eastern Santa Rosa Island
is also supported by recent radiocarbon dating
of most of the shell middens in the Old Ranch
vicinity (see Kennett 1998, Rick 2009). The
exception is CA-SRI-700, a rockshelter in Old
Ranch Canyon that produced needle-drilled
beads and which is a likely satellite location
used by people who lived at CA-SRI-87 or
possibly CA-SRI-85 (Rick 2009).
Our study suggests that historic Channel
Island villages are located on ideal settings
that often supported earlier occupations, sometimes several millennia before the Historic
Period. CA-SRI-87, for example, was first occupied at least 3200 years ago. Similarly,
Rick’s (2007b) excavations at the historic village of Niaqla (CA-SRI-2), located on the
northwest coast of Santa Rosa Island, produced a radiocarbon date of ca. 4300 cal BP
from a small midden deposit at the site.
Arnold (2001) and colleagues also have identified Chumash villages that were occupied
from the Middle Period through European
contact. Because many of the island Chumash villages are situated along highly productive coastlines and are in close proximity
to freshwater, it is likely that earlier components are buried below many of these village
sites.
Our research reaffirms findings by a variety
of other archaeological studies that landscape
use during the Late and Historic Periods was
dynamic and included more than the large
coastal villages identified in the enthnohistoric
records. Several sites that have been identified and dated to the Historic Period are unnamed by ethnohistoric sources, including rockshelters on San Miguel (CA-SMI-516; Rick
2007a), Santa Rosa (CA-SRI-700; Rick 2011:
280), and Anacapa (Rick 2011) Islands and ceremonial shrine sites and temporary campsites
on Santa Cruz Island (Glassow 2010:3.12; Perry
2007). Though identifying and ground-truthing the large coastal Chumash villages mentioned in enthnohistoric records will continue
to be an important avenue of future research,
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archaeologists need to investigate the longer
history of land use at these sites and consider
Historic Period landscape settlement patterns
that were dynamic and diverse.
The use of relatively low-impact techniques—such as intensive radiocarbon dating,
detailed site mapping, and auger testing—will
continue to be a critical part of investigating
large Chumash villages on both the islands
and the mainland. These sites represent some
of the most important areas for better understanding the evolution of sociopolitical complexity, the anthropogenic impacts on marine
and terrestrial ecosystems, and the complex
interplay between humans and their environments. A detailed understanding of chronology,
occupational history, and settlement size at
these sites is essential baseline information for
building broader archaeological and historical
ecological research programs.
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REESTABLISHING THE LOCALE OF CALIFORNIA’S FIRST AMERICANDESIGNATED PLACE NAME ON SANTA CATALINA ISLAND
Ivan H. Strudwick1
ABSTRACT.—From 1801 to late 1803, captains and co-owners of the Lelia Byrd, William Shaler of Boston and Richard
J. Cleveland of Salem, Massachusetts, voyaged to the west coast of North America where they traded for sea otter fur
that they then sold in Canton, China. They traveled to the Hawaiian Islands and made a gift of horses, the first in
Hawaii, to King Kamehameha I, “the Great.” During 1804–1805, Shaler sailed back to the California coast to continue
trading while Cleveland sailed to Boston. Shaler’s narrative of the 1804–1805 voyage is the earliest, most extensive
account of California written firsthand by an American observer. On 1 May 1805, Shaler was the first American to name
a California locale: a “small but very fine port” on Santa Catalina Island, which he named after his friend M. De Rouissillon. At Port Roussillon, Shaler and his crew careened the Lelia Byrd between 1 May and 12 June 1805 and stayed
with their “Indian friends.” This harbor is identified as Avalon Bay in California Place Names (Gudde 1949), but further
investigation indicates Port Roussillon is actually Isthmus Cove at Two Harbors.
RESUMEN.—Entre 1801 y fines de 1803, los capitanes y copropietarios del Lelia Byrd, William Shaler, de Boston, y
Richard J. Cleveland, de Salem, Massachusetts, viajaron a la costa oeste de Norteamérica donde comercializaron piel de
nutria marina, que luego vendieron en Cantón, China. Se dirigieron a las Islas Hawaianas y regalaron caballos, los
primeros en Hawaii, al rey Kamehameha I, “El Grande”. Entre 1804 y 1805, Shaler navegó de regreso a la costa de California para continuar con su actividad comercial mientras Cleveland navegó hacia Boston. El relato del viaje de Shaler
de 1804 a 1805 es el primero y el más completo sobre California que haya escrito un observador estadounidense personalmente. El 1º de mayo de 1805, Shaler fue el primer estadounidense que nombró un lugar en California: un “puerto
pequeño, pero muy bonito” en la Isla Santa Catalina, a la cual denominó con el nombre de su amigo, M. De Rouissillon.
En Port Roussillon, Shaler y su tripulación viraron el Lelia Byrd, entre el 1º de mayo y el 12 de junio de 1805, y permanecieron con sus “amigos indios”. Este puerto es identificado como Avalon Bay en California Place Names (Gudde
1949), pero las investigaciones posteriores indican que Port Roussillon es, en realidad, Isthmus Cove en Two Harbors.

What is currently known about the events
described within this report was recorded in
separate accounts by William Shaler (1935) and
Richard J. Cleveland (1842), co-owners of the
Lelia Byrd. First published in 1808, Shaler’s
account of the 1804–1805 years aboard the
Lelia Byrd, during which Port Roussillon was
named, has been called “the earliest first-hand,
full account of California by an American” (Bynum 1935:21). Cleveland’s 1842 account of the
1801–1803 years aboard the Lelia Byrd was
written after a lifetime of travels and offers
further details.
The purpose of this paper is to show that
Shaler’s Port Roussillon (Shaler 1935) is Isthmus Cove, despite reference to it being Avalon Bay (Gudde 1949). This determination is
done through a careful examination of Shaler’s
original description of the locale, as well as a
consideration of both early historic-period use
of the island based on maps and the availabil-

ity of freshwater at Avalon and Isthmus Cove.
An appendix provides additional context, describing M. De Roussillon and the details of
Shaler and Cleveland’s voyages aboard the
Lelia Byrd.
THE NAMING OF PORT ROUSSILLON
In California, the first locale ever named
by an American was on Santa Catalina Island
(Gudde 1949:18, 1998:21). After natives communicated that there was a “good harbour” on
Catalina, Captain William Shaler of Boston visited the harbor in his ship, the Lelia Byrd, on
14 March 1805. Leaking and in need of repair,
the vessel required a safe port in which to perform the extensive overhaul. Shaler initially remained at the harbor only a few days to verify
the actual conditions there before returning
later with the ship for a longer stay:

1LSA Associates, 20 Executive Park, Suite 200, Irvine, CA. E-mail: ivan.strudwick@lsa-assoc.com
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We found the harbour every thing that could
be desired, and I determined that, after collecting all the [sea otter] skins on the coast, I
would return to it and careen the ship, which
she was by this time greatly in want of. After
completing our business on the coast, we returned to Santa Catalina, and anchored in
the harbour on the 1st of May [1805]. As I
was the first navigator who had ever visited
and surveyed this place, I took the liberty of
naming it after my much respected friend,
M. De Roussillon. We warped the ship into a
small cove, and landed the cargo and everything moveable, under tents that we had previously prepared for their reception. The Indian inhabitants of this island, to the amount
of about 150 men, women, and children, came
and encamped with us, and readily afforded
us every aid in their power. (Shaler 1935:47)

After nearly 6 weeks, the Lelia Byrd had
been repaired and reloaded. Shaler describes
the situation and his future course:
By the 9th of June [1805], the ship was again
rigged with a jury mizzen-mast, our cargo on
board, and we were again ready for sea. On
the 12th, we bid adieu to our Indian friends,
and left Port Roussillon1 with the intention of
running down the coast, and, if we found the
ship not to leak so much as to be unsafe, to
run for the Sandwich [Hawaiian] Islands,
where I determined to leave her, and to take
passage in some north-west fur trader for
Canton. (Shaler 1935:49)

This is the only instance in Shaler’s account
where he uses the name Port Roussillon. It
has long been thought that Port Roussillon
was Avalon Bay. The naming of Avalon Bay is
described in California Place Names:
The former name of Avalon Bay, and perhaps
the first name on California soil ever applied
by an American, was Roussillon Bay: ‘As I
was the first navigator who had ever visited
and surveyed this place, I took the liberty of
naming it after my much respected friend,
M. De Roussillon’ (William Shaler, 1803, in
American Register, III, 147 f.). (Gudde 1998:21)

The description in Gudde’s most recent
(4th) edition of California Place Names (Gudde
1998:21) is identical to that in the first edition
of 1949 (Gudde 1949:18). No new information
on “Roussillon Bay” (Port Roussillon) has been
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added in the nearly 50 years between the first
and fourth editions of California Place Names.
THE 1801–1805 LELIA BYRD VOYAGES
Richard J. Cleveland—1842
In August 1801, the 175-ton brig Lelia Byrd
was purchased in Hamburg, Germany, by 2
sea captains: William Shaler of Boston and his
friend Richard J. Cleveland of Salem, Massachusetts. The men purchased the vessel with
the intent of trading for sea otter fur along the
western coast of North America and selling
the fur for a profit in Canton, China. In preparation for their initial voyage, which lasted
from 1801 to late 1803, they drew lots to determine their duties. Shaler assumed the role
of captain and Cleveland became supercargo,
in charge of the ship’s cargo. Highlights of
this voyage include the introduction of the
first horses in Hawaii as a gift for King Kamehameha I. At the end of an eventful and ultimately successful trip, they reached China in
August 1803. This 1801–1803 trading voyage
is described in Cleveland’s detailed autobiography, A Narrative of Voyages and Commercial Enterprises (Cleveland 1842), published
34 years after Shaler’s 1808 narrative. Shaler
returned to the west coast of North America
aboard the Lelia Byrd, while Cleveland invested in tea and silk and sailed to Boston as a
passenger aboard the Alert (Cleveland 1842:
240). Shaler’s subsequent 1804–1805 trading
voyage along the west coast of North America
aboard the Lelia Byrd (Shaler 1935) was conducted without Cleveland.
William Shaler—1808 (1935)
After Cleveland’s departure for Boston,
Shaler and his crew sailed from Canton on 8
February 1804 to the Columbia River on the
west coast of North America, then south past
California as far as Guatemala in Central
America, north to upper California, and finally south to lower California and on to Hawaii (Shaler 1935). It was in Hawaii in early
September 1805, that Shaler traded the Lelia
Byrd to “King Tamaihamaiha” (Kamehameha
I) for a smaller vessel that returned to California under the command of Shaler’s mate John
Hudson, in a continued effort to trade for sea

1While Shaler (1935:47, 49) twice spells the surname “Roussillon” and Bynum (1935:15) once spells it “Roussilon,” Cleveland (1842:156, 159, 162, etc.)
repeatedly spells it “Rouissillon.” Although the place name is “Port Roussillon,” details as to why “Rouissillon” is the correct surname spelling are provided in
Strudwick (2012) and also in the appendix to this paper.
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otter fur (Shaler 1935:100–101). From Hawaii,
Shaler continued on to Canton aboard the Huron with his furs, where his narrative ends in
November 1805. Shaler’s description of this
1804–1805 voyage was originally published in
1808 (The American Register: or General Repository of History, Politics, and Science, Part I
for 1808, Volume III) and was reprinted once
in its entirety in 1935 (Shaler 1935).
DETERMINING THE ACTUAL LOCATION
OF PORT ROUSSILLON
After departing Santa Catalina Island on 12
June 1805, Shaler adds to his account additional
descriptive information concerning the geographical, ethnographical, and political landscape and the natural resources of upper and
lower California. Shaler (1935:49–50) states his
reason for providing this additional information:
As one of the most important events of our
voyage took place at the island of Santa Catalina, and our long stay there gave us an opportunity of observing the manner and genius of its inhabitants, I shall here subjoin a
brief description of them: to this I shall also
add a general account of California, composed from such information as I collected
during my voyage to that coast.

As part of this account, Shaler includes a
general description of Santa Catalina Island in
which he more accurately describes the port
where the Lelia Byrd was careened:
Directly opposite to San Pedro lies the island
of Santa Catalina, on the north side of which
is a small but very fine port, where ships of
any burden may ride in the most perfect
safety at all seasons. As it is always smooth in
this port, it is peculiarly proper for careening
and repairing ships: there are several springs
of water in its neighbourhood, which afford a
sufficient supply of that necessary article at
all times, and of the best quality. The proximity of this island to all this coast, from Point
Conception to San Juan Capistrano, renders
its port of importance, as a winter harbour, to
all ships that have anything to do there in
that season. (Shaler 1935:70)

According to Shaler’s description of the
Santa Catalina Island port as he observed it,
the location of Port Roussillon “on the north
side” of Catalina more closely matches the
actual location of Isthmus Cove than it does
the location of Avalon Bay (Fig. 1).
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Historical Depictions of Santa Catalina Island
Three maps of Santa Catalina Island are
presented here (Figs. 1–3). Two historic maps
(Figs. 2, 3) show that when the maps were
made, the center of human activity on the island was the isthmus to the north, not Avalon
Bay to the south. A graphic depiction of Isthmus Cove “on the north side” of Catalina is
provided as a map (Fig. 2) drawn in 1602 by
Father Antonio de la Ascensión, one of three
friars who accompanied Sebastián Vizcaíno
on an expedition to California in 1602–1603
(Wagner 1929:234–235, McCawley 1996:78).
Ascensión’s map is the earliest known depiction of Santa Catalina Island naming island
landmarks, including the area first called on
this map Isthmus Cove. The map identifies
2 anchorages along the eastern shore (both
marked by anchor symbols): one in the north,
annotated “Puerto de Santa Catalina,” and another in the south, annotated “Rancherias,” or
native villages. Near the northern anchorage
marked “Puerto” is a symbol and a second notation, “Pueblo,” meaning town, which McCawley (2002:42–43) identifies as the native
village of Nájquqar (archaeological site SCAI39). This map shows the north portion of the
island extending to the northwest, making the
port appear to be at the north end of the island. Avalon Bay is not depicted or identified
as an anchorage by Father Ascensión when he
drew the map in 1602.
An 1867 plat map of Catalina (Fig. 3) also
provides an indication that Isthmus Cove
was more significant at the time. This plat
map shows that, in terms of named landmarks
and harbors, “Isthmus Harbor” at the “Isthmus” exhibited the majority of human activity,
whereas Avalon Bay is simply “Johnston’s Harbor.” It was not until the late 1880s that the
area where the town of Avalon now exists began to develop.
Geographic and Physiographic Characteristics
The eastern (leeward) side of Catalina is
protected from winter gales and is a haven
from winter storms. Both Avalon Bay and Isthmus Cove are harbors on the island’s leeward
side (Fig. 1). Isthmus Cove is located near
the north end of the island, whereas Avalon
Bay is located near the island’s south end.
Santa Catalina Island generally trends northwest by southeast. The portion of the island
northwest of the isthmus trends west-northwest
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Fig. 1. Map of Santa Catalina Island.

by east-southeast, and Isthmus Cove faces just
slightly east of north.
Today, the isthmus on Santa Catalina Island
is known as “Two Harbors,” and the narrow
strip of land between the northern and southern portions of the island creates 2 harbors:
Catalina Harbor on the windward (west) side
and Isthmus Cove on the leeward (east) side
(Figs. 1, 3). Unlike Isthmus Cove and Avalon
(Fig. 4), Catalina Harbor has a gradually sloping inner beach of mud and very fine-grained
sand, with rock and gravel along the sides
(Fig. 5). The inner portion of Isthmus Cove on

Catalina’s leeward side has a sandy beach with
almost no gravel (Figs. 6, 7). The stretch of
sandy beach at Isthmus Cove slopes more
steeply than the innermost portion of Catalina
Harbor. These differences are implied by Ascensión on his 1602 map (Fig. 2), which identifies “Puerto de Santa Catalina” (Isthmus Cove)
as an anchorage and Catalina Harbor as an
“ensenada,” or bay.
At Isthmus Cove, the gradient of the beach
changes at different locations. The southeastern part of the sandy stretch of cove is near a
native village (CA-SCAI-39), which is located
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Fig. 2. Father Antonio de la Ascensión’s 1602 map of Santa Catalina Island (Wagner 1929:235).

on a low bluff along the beach (Figs. 6, 7). Near
the bluff, the beach slopes into the sea more
steeply, and it slopes less steeply as one moves
northwest along the cove and away from the
low bluff and native village site. Somewhere
near the central portion of the cove where the
pier is now located, a high tide would have
easily allowed a ship to come sufficiently close
to shore so that a receding tide would cause
the ship to lay over on its side. Though it
would have been possible to careen a ship at
either Isthmus Cove or Catalina Harbor, Isthmus Cove appears to have been more suitable.
Hydrology
A final reason for concluding Port Roussillon is Isthmus Cove rather than Avalon Bay is
the lack of quality drinking water at Avalon Bay.
Prior to 1919, wells drilled in Avalon Valley
produced a small amount of inferior quality

water (Lippincott 1923:1). Isthmus Cove was
known to have had at least one major spring of
freshwater near the native village of Nájquqar.
An 1897 War Department map of the isthmus
(Source: National Archives at Riverside) identifies a well at Isthmus Cove and “fresh water”
at the Catalina Harbor side of the isthmus.
Historic use of the island and hydrological
reasons aside, the primary argument for Port
Roussillon being Isthmus Cove is its location
at the north end of Santa Catalina Island in a
calm, protected location well-suited to careening and repairing Shaler’s ship.
SUMMARY
The first California locale named by an
American, “Port Roussillon,” was given its
name on 1 May 1805 by Captain William
Shaler aboard the Lelia Byrd. Staying at Port
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Fig. 3. An 1867 plat map of Santa Catalina Island.

Fig. 4. View of Avalon Bay looking west. Built environment obstructs harbor margin, although natural sand exists at
water’s edge near the pier.
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Fig. 5. View of Catalina Harbor looking southwest from the isthmus.

Fig. 6. View of Isthmus Cove and the community of Two Harbors looking west-southwest. The native village of
Nájquqar (CA-SCAI-39) is located on a low bluff to the left of the pier.
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Fig. 7. View of sandy beach at Isthmus Cove looking northwest from the low bluff atop site CA-SCAI-39. The Lelia
Byrd was probably careened in the vicinity of the pier.

Roussillon 6 weeks, Shaler and his crew careened the ship before sailing south to Baja
California and then on to Hawaii. The location
named by Shaler was identified in California
Place Names (Gudde 1949) as Avalon Bay. The
characteristics of the harbor as described by
Shaler (1935:70), its location near the north
end of Catalina, its suitability for careening
ships, and its proximity to good quality freshwater all indicate that Isthmus Cove is the
actual location of Port Roussillon. Due to the
gradient of the beach and the absence of submerged rocks, it is likely that the Lelia Byrd
was careened near the central portion of Isthmus Cove.
ACKNOWLEDGMENTS
I thank my colleagues at LSA Associates,
Inc., for their support and encouragement
with this report. Without the professional support and backing provided by LSA, projects

such as this albeit brief report would be even
more difficult to complete. At LSA, Gary Dow
and Debra Cooper created the maps and assisted with photographs. Litia Makakaufaki
and Irma Magana also assisted with the report. I thank U.S. Navy Archaeologist Steven
Schwartz, who provided the impetus to begin
writing this report by suggesting I present it
at the 8th California Islands Symposium (23–
26 October 2012, Ventura, CA) and who also
provided source information on early voyages
to Santa Catalina Island. By inviting me to
guest lecture at several UCLA Catalina Summer Field Schools, Professor Wendy Teeter
encouraged the continuation of my study of
Catalina’s prehistory and history, which led to
the idea that the primary harbor on the island
may not have always been Avalon Bay. Dr.
Teeter also helped me access many locations
on Catalina for photographs. Discussions with
Bill McCawley concerning his research related to Catalina instilled in me a desire to

154

MONOGRAPHS OF THE WESTERN NORTH AMERICAN NATURALIST

complete this report. Dr. Keith Dixon and Dr.
Henry Koerper provided many valuable comments. Editing of this report and presentation
was provided by my wife, Diane Valko Strudwick, who was shanghaied into yet another
project. Editors at Western North American
Naturalist also provided comments. I thank all
of the aforementioned for their assistance and
support in this endeavor.
LITERATURE CITED
BYNUM, L. 1935. Introduction. Pages 13–21 in W. Shaler,
Journal of a voyage between China and the northwestern coast of America made in 1804 by William
Shaler. Saunders Studio Press, Claremont, CA.
CLEVELAND, R.J. 1842. A narrative of voyages and commercial enterprises. John Owen, Cambridge.
GUDDE, E.G. 1949. California place names. 1st edition.
University of California Press, Berkeley and Los
Angeles, CA.
______. 1998. California place names. Revised 4th edition.
W. Bright, editor. University of California Press,
Berkeley and Los Angeles, CA.
LIPPINCOTT, J.B. 1923. Report of water supply and plan of
development for Avalon – Catalina Island, July 1923.
Report of the Engineering Office of J.B. Lippincott
to William Wrigley, Jr. Manuscript on file, Southern
California Edison Archives, Pebbly Beach Facility,
Santa Catalina Island.
MCCAWLEY, W. 1996. The first Angelinos: the Gabrielino
Indians of Los Angeles. Malki Museum Press, Banning, CA, and Ballena Press, Novato, CA.
MCCAWLEY, W. 2002. A tale of two cultures: the Chumash
and the Gabrielino. Pages 45–65 in J. Altschul and
D. Grenda, editors, Islanders and Mainlanders. SRI
Press, Tucson, AZ.
SHALER, W. 1935. Journal of a voyage between China and
the north-western coast of America made in 1804 by
William Shaler. Introduction by Lindley Bynum. Saunders Studio Press, Claremont, CA. [Originally in The
American Register: or General Repository of History,
Politics, and Science, Part I for 1808, Volume III]
STRUDWICK, I.H. 2012. Reestablishing the locale of California’s first American-designated place name on
Santa Catalina Island. Paper presented at the 8th
California Islands Symposium, Ventura, CA.
WAGNER, H.R. 1929. Spanish voyages to the northwest
coast of America in the sixteenth century. California
Historical Society, San Francisco, CA.
Received 23 February 2013
Accepted 12 September 2013
Early online 21 July 2014

APPENDIX.—The following selected details of the
1801–1805 voyages of the Lelia Byrd come from
Shaler (1935) and Cleveland (1842). This information is intended to supplement and provide background information to the previously described voyage during which Shaler named Port Roussillon. No
new references are cited herein.
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M. DE ROUSSILLON
Who was Monsieur De Roussillon and why did
Captain Shaler think highly enough of him to name
a harbor on Catalina “Port Roussillon” in his honor?
Shaler’s 1808 narrative is frustratingly short on details concerning his “much respected friend, M. De
Roussillon” (Shaler 1935:47). Though Bynum (1935:
15) states only that the “Conte de Roussilon” was a
passenger, Cleveland’s 1842 account is far more
enlightening. In describing the 1801 purchase of
the Lelia Byrd in Hamburg, Germany, Cleveland
(1842:156) includes the following concerning the
“Count de Rouissillon”:
During our sojourn at Hamburgh, we had become
acquainted with the Count de Rouissillon, a young
Polish nobleman, of superior education and talents.
He had fought for the liberty of his country, as aidde-camp to the unfortunate Kosciusco; and being
one of the proscribed, was living in Hamburgh on
slender means, and without occupation. In the society of a gentleman of such intelligence, accomplishments, and companionable traits, we knew
that we should be repaid for the additional expense of taking him as a compagnon de voyage, and
we agreed to invite him to accompany us as such.
He had never been at sea, and a voyage round the
world to a man like him, reared in the interior of a
continent, offered such attractions that he acceded
to the proposal not only without hesitation, but
with expressions of great satisfaction and delight.

The Count de Rouissillon thus voyaged with
Shaler and Cleveland on the journey from Europe
to America aboard the Lelia Byrd. In the portion of
his narrative that covers this voyage, Cleveland focuses on Rouissillon only briefly but does describe
Rouissillon’s attempt to help obtain official permission to sell cargo in the port of San Blas, Mexico, by traveling to Guadalajara and Mexico City
in August–December of 1802. During this period,
Shaler and Cleveland were ordered to leave San
Blas, and they at first awaited Rouissillon’s return
while anchored at the nearby Tres Marías (Three
Marias) Islands (Cleveland 1842:190–199). While
in San Blas, Shaler and Cleveland had purchased
1600 sea otter skins and had also obtained permission from Mexico’s Viceroy to trade a small part of
their cargo. However, it appeared that the local
governor and the commandant of the port were
scheming to seize the Lelia Byrd. By sailing before
the feared raid, Shaler and Cleveland kept their
ship and cargo; but by leaving San Blas hurriedly,
they were forced to leave some of their cargo
ashore with Rouissillon. It was at that point that
Rouissillon’s journey aboard the Lelia Byrd came
to an end. Rouissillon planned to stay in Mexico,
sell the merchandise, and use the proceeds to travel
to the United States where he would reunite with
the 2 captains. Here, Cleveland provides an indepth description of the Count:
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It was with feelings of deep regret, that we parted,
here, with our excellent and amiable friend the
Count John de Rouissillon, with whom we had
been so intimately associated for so long a period,
and who had shared so largely in the variously perplexing scenes, incident to the prosecution of our
object. . . . We had left with him, manufactures to
the amount of about three thousand dollars cost;
and which were worth, at the actual prices, more
than three times that cost. From the proceeds of
this, after defraying his expenses, he was to
account with us in the United States, where we
anticipated much pleasure in meeting him, in the
course of the ensuing year. At parting, he expressed the unalloyed enjoyment he had experienced on board, his grateful feelings for our confidence, and his earnest desire of realizing the
pleasure of meeting us again in that land of liberty
and of equal rights, of which, he said, he should be
proud to become a citizen.
The Count de Rouissillon was the descendant of
an ancient noble family of Poland. An advocate for
liberty, he could not brook the subjugation of his
country; and for his efforts to avert it, he was proscribed, and was without a home when we became
acquainted with him at Hamburgh. He possessed
a powerful intellect, and gave evidence, that great
care had been taken in its cultivation. His acquirements in mathematics, in astronomy, in music, in
drawing, were very respectable, and there was
scarcely a European language with which he was
not familiar. Having with him, among others,
books in the Russian, Polish, and German languages, the Spanish authorities, who are extremely
watchful and rigorous in their examination of all
books, were actually confounded by them; but allowed them to pass, on the well-grounded conviction, that nobody in the country could read them,
and, therefore, that they could do no harm. For
these attainments he was not more indebted to a
fine intellect than to an untiring industry, which
was so habitual, that he seemed to grudge a moment’s time that was passed without adding something to his knowledge. So that when walking the
deck for exercise, if there was nobody to walk and
converse with him, he would be engaged in practising some new music on his flute. Being at this
time only twenty-eight years of age, his prospect
for honorable distinction seemed all that his ambition could desire; but, unfortunately, his earthly
course was cut short not long after we parted. To
our great grief we learned, on arriving in the
United States, that he died at Mexico some time in
the year 1803. The exclusive policy of the Spanish
government, relating to all foreigners . . . made it
so difficult to obtain any information from Mexico,
that we were discouraged from any attempt to
ascertain the particulars of his death, or to learn
what became of our property, or of his effects;
and, to this day, we remain in ignorance of every
thing relating to these subjects. (Cleveland 1842:
203–205)

The extent of Cleveland’s description of Count
John de Rouissillon leaves little doubt that although
Shaler may have been just as close a friend with the
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Count as was Cleveland, Cleveland recorded the
relationship in much greater detail. There is no
question that both Shaler and Cleveland thought
highly of Rouissillon, since the only place name
denoted by Shaler in his 1808 narrative is Port
Roussillon and Cleveland’s narrative contains
several pages devoted to describing their good
friend.
Inasmuch as Cleveland chronicles such intimate
personal details, his repeated spelling of the Count’s
surname as “Rouissillon” (Cleveland 1842:156, 159,
162, etc.) is probably correct. The spellings “Roussillon” (Shaler 1935:47, 49) and “Roussilon” (Bynum
1935:15) are probably incorrect. Shaler unambiguously spells it “Roussillon” twice when naming the
harbor on 1 May 1805. Thus, as originally named,
“Port Roussillon,” the first California location to be
named by an American is likely an incorrect spelling of Count John de Rouissillon’s name.
THE TWO CAPTAINS: RICHARD J. CLEVELAND
AND WILLIAM SHALER
Hailing from the Salem, Massachusetts, counting house of Elias Hasket Derby, Esq., Cleveland
had been a sea captain since 1795. He traded
merchandise and sailed to such distant locations
as Cape Town, Batavia, Canton, Calcutta, Malaysia,
the Philippines, Japan, the northwest coast of
America, and even Hawaii before 1800. It was in
pursuit of establishing such trade routes that Cleveland had arrived at the Isle of France (now Mauritius) on 14 May 1800 where he met William Shaler,
one of only 3 Americans on the island (Cleveland
1842:122). The 2 men lived for 10 months at the
Consular residence on the Isle of France and spent
a total of more than 4 years together (Cleveland
1842:241), most of it aboard the Lelia Byrd. Shaler,
a sea captain from Boston, was born in 1778 (Bynum 1935:20), making him 22 in 1800. Cleveland
was born in 1773 and was 68 when he published
his 1842 narrative (Cleveland 1842:viii), making
him 26 or 27 when he met Shaler in 1800. The 2
friends departed the Isle of France on 21 March
1801, bound for Europe on the Cronberg (Cleveland 1842:143).
PURCHASE OF THE LELIA BYRD
In 1799, Cleveland had captained the 50-ton
English cutter Caroline (originally named Dragon;
Cleveland 1842:46), trading with natives of the
Queen Charlotte Islands and vicinity for sea otter
furs. Cleveland had then sailed to Canton, selling
the furs at a substantial profit. Cleveland shared his
knowledge of this trading opportunity with Shaler,
who had become his good friend during the 10
months they resided together on the Isle of France.
During their voyage to Europe on the Cronberg,
Cleveland and Shaler
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had discussed the project of a voyage to the west
coast of North America; and indeed, we had so far
agreed upon it, as to make it dependent alone on
the circumstance of meeting a suitable American
vessel, which could be obtained at a reasonable
price. (Cleveland 1842:154)

Knowing that American vessels were available
in Copenhagen, they first traveled to Denmark; but
not finding what they wanted, they proceeded to
Hamburg where a number of American vessels “almost equal to what is usual in any one of the great
commercial ports in the United States” were available (Cleveland 1842:155).
In selecting one, on board of which there was a prospect of passing two or three years, and in countries
where repairs and articles of equipment were of
doubtful attainment, it was important to unite the
properties of strength, durability of material, swiftness of sailing, capacity for carrying, and comfortable accommodations. Such a one was offered us
in the brig Lelia Byrd of Portsmouth, Virginia, of a
hundred and seventy-five tons burden, which we
purchased at a fair price. (Cleveland 1842:155)
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more advantageous near a populous city such as
Santiago. Finding that the Chilean government
would not allow them to trade, they continued onward, reaching San Blas, Mexico, on 11 July 1802
(Cleveland 1842:189). It was in San Blas, and also
while at the nearby Tres Marías Islands, that the
previously related incidents occurred that resulted
in leaving Count John de Rouissillon and some
cargo ashore.
CONVERTING THE BRIG LELIA BYRD INTO A SHIP
In January 1803 while at San Blas, the crew
“rigged a mizzenmast, and converted our brig into
a ship” (Cleveland 1842:200). The purpose in doing
this was to stall for time in order to obtain 1600 sea
otter skins, which Shaler and Cleveland knew could
be sold for a large profit in Canton. The third and
newest mast was located near the vessel’s stern and
it increased the number of sails on the vessel and
the sailing speed.
SAN CLEMENTE ISLAND

Purchased in August 1801, the Lelia Byrd was
refitted and loaded by late September and ready
to sail in late October (Cleveland 1842:156–157).
Though few specifics are known concerning the
Lelia Byrd, what can be gleaned from Shaler’s and
Cleveland’s accounts is that the vessel was a brig (2
masts) when purchased, carried six 3-pound brass
cannons and an arsenal of guns and powder, and had
a total of 15 men, including Captain Shaler, Supercargo Cleveland, a mate, stewards, a cook, and others. Before enlisting a crew, Shaler and Cleveland
drew lots to determine who would be captain.

Departing San Blas and the Tres Marías Islands
on 14 Feburary 1803, the Lelia Byrd sailed next for
“San Diego, in California, where we had information of there being a parcel of sea otters’ skins,
which might be obtained advantageously” (Cleveland 1842:210). On 16 March, the vessel was becalmed near “St. Clement’s” (San Clemente) Island
where the crew observed 11 completely nude individuals, “men, women, and children,” living in a
cave on the south side of the island. These natives
lived exclusively on fish that they baked “in the
earth.”

The decision was in favor of Mr. Shaler, who took
command and enlisted the men, while I embarked
in the capacity of supercargo, but with an understanding that these designations were only for
form’s sake; and that the duties of each station
were to be reciprocally performed by each. Our
interests in the vessel, and in the cargo being
equal, there existed no inequality in our powers, or
in the profits, of whatever description, that might
be realized. (Cleveland 1842:156)

I had been familiar with the Indians inhabiting
various parts of the western coast of America, but
never saw any so miserable, so abject, so spiritless,
so nearly allied to the brute.

SAILING FROM EUROPE TO AMERICA

SKIRMISH IN SAN DIEGO HARBOR

On 8 November 1801, Shaler and Cleveland
sailed the Lelia Byrd from the Elbe River near Hamburg, reaching the Bay of Rio de Janeiro, Brazil, on
2 January 1802 (Cleveland 1842:158–165). The superior sailing ability of the Lelia Byrd was evident
the first day at sea when, just 4 hours after setting
sail with a dozen other vessels, only 2 of the fleet
were visible astern.
By 24 February 1802, they had arrived at the
port of Valparaiso, Chile, which was the nearest
large port to Chile’s capital, Santiago. Their reason
for visiting Valparaiso was that trading would be

On the afternoon of 17 March 1803, the Lelia
Byrd anchored about one mile inside the entrance
to San Diego Harbor. The next morning, the “exceedingly vain and pompous” Commandant Don
Manuel Rodríguez made an official welcome with
a “ridiculous display of a ‘little brief authority,’ and
pompous parade, I [Cleveland] never before witnessed” (Cleveland 1842:211). Commandant Rodríguez boarded the Lelia Byrd by passing between
2 lines of his men who stood with hats off in one
hand and drawn swords in the other. The commandant promised to provision the ship with needed

Leaving this wretched family, after distributing
among them a few articles of old clothing, we
stood to the eastward, under easy sail, all night,
and found ourselves, early in the morning, abreast
of the port of San Diego. (Cleveland 1842:210)
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supplies; and, although he forbade the crew from
entering the town of San Diego, which was about 3
miles distant, he gave the crew “leave to go on
shore in the neighborhood of the vessel.” The commandant also left 5 guards on board the vessel in
order to prohibit any contraband trade, meaning
any trade.
That afternoon, Cleveland visited the battery
(fort) at the entrance to San Diego Harbor and
found it was armed with eight 9-pound brass cannons mounted on carriages. The inspection was
brief, however, “as the examination of a battery
belonging to a people the most jealous and suspicious on earth, was a delicate business” (Cleveland
1842:212). Talking with the sergeant of the guards
on board later that evening, Cleveland ascertained
that just a few days earlier a Captain Brown of the
ship Alexander of Boston had purchased several
hundred sea otter skins from the locals and soldiers
without permission from the commandant. The furs,
possibly exceeding a thousand, were now being
held onshore by the commandant who presumably
could not sell them without being found out by the
people, “as they were all spies on each other.” After
attempting to purchase the skins, Cleveland realized it was to no avail as it “was evident now, that
the object for which we came here was unattainable” (Cleveland 1842:213).
Having received and paid for provisions on 21
March, the crew of the Lelia Byrd made preparations to leave San Diego Harbor. However, during
the course of the day, offers had been made to sell
some of the contraband furs to Shaler and Cleveland, with the delivery to be made on shore after
dark. Deciding to accept the clandestine offer, both
of the Lelia Byrd’s boats were sent to shore but
only one returned. At dawn, it was evident that the
ship’s mate and 2 sailors had been captured and
were lying tied up on the beach. Cleveland and 4
men, each armed with a brace of loaded pistols, first
overpowered and disarmed the guards on board
then proceeded to shore where they disarmed 3
more guards and rescued the captured men. The
mate reported that soldiers led by Commandant
Rodríguez had arrested them immediately upon
landing to purchase the furs. Cleveland then realized that the proposal to sell the furs had been bait
offered by the commandant to create an excuse to
plunder the vessel.
Back on board, the crew members were indignant and ready to fight, but Shaler and Cleveland
decided that the best decision was to embark from
San Diego Harbor immediately. However, to leave,
the ship had to sail nearly a mile inside the harbor before coming abreast of the fort at the harbor
entrance. With a waning offshore land breeze, it
would take over an hour to pass the fort. The odds
seemed heavily weighed against the crew of the
Lelia Byrd:
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Our six three-pounders [cannon], which were all
brought on the side of the ship bearing on the fort,
and our fifteen men was all our force, with which
to resist a battery of six nine-pounders and, at least
a hundred men. As soon as our sails were loosed
and we began to heave up the anchor, a gun without shot was discharged from the battery and the
Spanish flag hoisted; perceiving no effect from this,
they fired a shot ahead. By this time our anchor
was up, all sail was set, and we were gradually approaching the fort. In the hope of preventing their
firing, we caused the guard in their uniforms to
stand along in the most exposed and conspicuous
station; but it had no effect, not even when so near
the fort, that they must have been heard imploring
them to desist firing, and seen to fall with their
faces to the deck, at every renewed discharge of
the cannon. We had been subjected to a cannonade of three quarters of an hour, without returning
a shot, and, fortunately, with injury only to our
rigging and sails. When arrived abreast the fort,
several shot struck our hull, one between wind
and water, which was temporarily stopped by a
wad of oakum. We now opened our fire, and, at the
first broadside, saw numbers, probably of those
who came to see the fun, scampering away up the
hill at the back of the fort. Our second broadside
seemed to have caused the complete abandonment
of their guns, as none were fired afterwards; nor
could we see any person in the fort, excepting a
soldier who stood upon the ramparts, waving his
hat, as if to desire us to desist firing.
Having passed out of the reach of their cannon,
the poor guards, who had been left on board, saw
themselves completely in our power, without the
chance of rescue, and probably calculated on such
treatment as they knew would have been our lot, if
equally in the power of their Commandant. Their
exhibition of fear was really ludicrous, for, while
we were tying up their fire-arms, so as to prevent
their using them, and getting the boat ready to
send them harmlessly on shore, they were all the
time tremblingly imploring for mercy; nor could
they be made to believe, until they were actually
on shore, that we intended to do them no harm.
When landed and their arms handed to them, they
embraced each other, crossed themselves, and fell
on their knees in prayer. As our boat was leaving
them, they rose up and cried at the utmost stretch
of their voices, ‘Vivan, vivan los Americanos.’ (Cleveland 1842:215–216)

BAJA CALIFORNIA
After the hole in the side of the ship had been
repaired, the Lelia Byrd coasted south along Baja
California to “the bay of St. Quintin’s” (San Quintín), anchoring there on 24 March 1803. At San
Quintín, Shaler and Cleveland encountered Captain Brown in the Alexander, who described his
prior encounter with Commandant Rodríguez, confirming to Cleveland that the commandant had designs on the Lelia Byrd’s cargo. While at San
Quintín, Shaler and Cleveland cleaned and “boottopped” the ship’s bottom due to damage from

158

MONOGRAPHS OF THE WESTERN NORTH AMERICAN NATURALIST

marine worms and also repaired the sails and rigging damaged by cannon fire in San Diego Harbor
(Cleveland 1842:220).
During their stay at the “bay of St. Quintin’s,”
they were visited by several fathers from the nearby
missions of San Vincente, San Domingo, San Rosario, and San Fernando, and by the commandant
of San Vincente, with a “retinue of Indian domestics” who came from as far as 60 miles away (Cleveland 1842:217). The padres were, together, “a jolly
set of fellows” and “very amiable” (Cleveland 1842:
217– 220). In remarking on the padres’ friendliness,
Cleveland made an exception of the
Padre of San Vincente, who, it must be acknowledged, had no just pretensions to such character,
after boasting, as he did, that he had rendered God
service by killing many of the Indians, who obstinately refused to be converted. (Cleveland 1842:
220)

These men visited Shaler and Cleveland for a
week, and although the padres were familiar with
the “battle of San Diego,” they did not immediately
discuss it. When after a few days the padres finally
brought up the skirmish, they described it so precisely as to prove their knowledge of the conflict.
The eldest of the fathers said that the incident was
the subject of a letter the corporal who commanded
the battery at San Diego Harbor had written to his
senior officer at Loreto:
. . . The letter had been left unsealed, that it might
be read at the several missions on its way, and to
be sealed at the last mission before arriving at
Loreto. While the corporal, in his letter, was severe in his strictures on the conduct of the Commandant [Don Manuel Rodríguez], in first enticing
us into this difficulty, and then taking care not to
enter the fort until he ascertained, that we were
out of reach of cannon shot, he was profuse in his
eulogies of us. Our forbearance so long before returning their fire, our humanity and generosity to
the guards, under such provocation, and our ceasing to fire when they did, were considered by the
corporal as acts of magnanimity, which should recommend us to the kindness and hospitality of all
good Spaniards. (Cleveland 1842:218)

The padres expressed their disgust with San
Diego’s commandant, Don Manuel Rodríguez, calling him a “poltroon” (mean-spirited coward). Poltroon must have been a popular word of contempt
in the early 1800s based on its multiple uses in
Cleveland’s (1842) account.
On 3 May 1803, the Lelia Byrd sailed from San
Quintín Bay “bound to the Island of Guadaloupe
. . . in the hope of there obtaining a supply of water,
for that which we found at St. Quintin’s was of an
inferior quality, and was only obtained by digging a
well” (Cleveland 1842:220). Unable to obtain water
on Guadalupe Island, Shaler and Cleveland sailed
directly east to the coast, where they anchored in a
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small bay nearest to the Mission of San Borgia.
They “were visited there by the Father of that mission, Mariano Apolonario,” with 20 domestics and
25 horses and mules (Cleveland 1842:221), who had
apparently traveled “sixty miles” to the coast. Staying almost 2 weeks, Father Apolonario traded 2
horses, a “flagon” of wine, and some dried fruit for
some of the goods on board the Lelia Byrd. The
horses, a stallion and mare, were obtained 19 May
1803 “as a present to the King of the Sandwich
Islands” (Cleveland 1842:221). Shaler and Cleveland had previously attempted to obtain horses at
other missions, probably from padres they encountered while at San Quintín. Sailing south to “Cape
St. Lucas” (Cabo San Lucas), they anchored in the
bay of St. Joseph, called “Puerto Segura” by Shaler
(1935:71), and again traded with local padres for
such provision, vegetables, and fruits, as the place
afforded. . . . In addition to a supply of stores, we
purchased of them pearls to the amount of two
thousand dollars, and also a mare with foal. Having
with much difficulty taken the latter on board, on
the 28th of May [1803], we sailed immediately for
the Sandwich Islands. (Cleveland 1842:225)

HAWAII AND KING KAMEHAMEHA I, “THE GREAT”
Cleveland visited the Sandwich (Hawaiian) Islands twice: once in July 1799 as captain of the
Caroline, and once in June 1803 as supercargo
aboard the Lelia Byrd with Shaler (Cleveland
1842:96–98, 228–234). Shaler was also in Hawaii
twice, both times as captain of the Lelia Byrd: once
in June 1803, and again in August–September 1805
(Shaler 1935:78–108). Because Shaler’s 1808 account
(Shaler 1935) covers only the period from 1804 to
1805 when he was aboard the Lelia Byrd without
Cleveland, Shaler’s and Cleveland’s accounts do
not overlap, except once when Shaler states in
passing that he brought horses to the Hawaiian
Islands (Shaler 1935:88).
Cleveland briefly describes his 1799 visit to the
islands of “Owhyhee” and “Mowee.” He remarks
on the islanders’ expert swimming, their ability to
dive for extended periods, and he describes their
general characteristics, stating that they have the
advantage of
size, shape, and gracefulness of their persons, and
. . . [an] open, laughing, generous, and animated
expression of their countenances. The characteristics of these islanders are activity, gayety, volatility,
and irritability; . . . (Cleveland 1842:97)

Shaler (1935:90) describes the Hawaiians as large
and robust, and he states that many of the women
are “perfectly beautiful,” with “the finest eyes in
the world.”
In their dispositions they are brave, generous, humane, and affectionate; they are possessed of great
sensibility, and will go any lengths to serve those
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they think their friends, but revolt at every species of neglect or ill treatment. These amiable people have been stigmatized as being the greatest
thieves in the world, but experience has given me
an opportunity of knowing the malicious charge is
unjust. . . . I was among them nearly three months,
and, probably, in a more exposed situation than any
other person ever was, and I do not think I lost by
thefts the value of two dollars. (Shaler 1935:90)

Cleveland’s 1803 description of the Sandwich
Islands is detailed. The extent of planning that went
into this visit is clearly shown by their attempts to
obtain horses prior to reaching the islands. It is
apparent that they intended to make a favorable
impression on King Kamehameha. Reaching Hawaii on 21 June 1803, they landed and on 23 June
met John Young, Viceroy of “Owhyhee” (island of
Hawaii), leaving with him the “mare with foal” as
Young professed knowledge in the treatment of
horses and promised to care for the animal. Of this
animal, Cleveland (1842:229) writes, “This was the
first horse that ever trod the soil of Owhyhee, and
caused, amongst the natives, incessant exclamations
of astonishment.”
Shaler provides a description of animals observed on the Hawaiian Islands during his 1805
voyage, stating,
These islands were very poor in animals: the hog,
dog, and rat were the only species of quadrupeds
known there; their dog seems to be a degenerate
species, resembling the fox, with erect ears; it is
eaten by them, and is very delicate food. Foreigners have also greatly increased their stock of animals: at present, they have large herds of cattle,
sheep, and goats, and I brought them a breed of
horses from California. (Shaler 1935:87–88)

In late June 1803, after leaving the “mare with
foal” with John Young, Shaler and Cleveland discovered that the “king and his principal men were
at Mowee.” Departing the Island of “Owhyhee”
with the remaining 2 horses, Shaler and Cleveland
sailed for the village of Lahaina on Maui, where
they met another European, Isaac Davis.
Soon after, a double canoe was seen coming towards us; and, on arrival alongside, a large, athletic man, nearly naked, jumped on board, who
was introduced, by Davis, as Tamaahmaah, the
great King.
The horses were landed safely, and in perfect
health, the same day, and gave evidence, by the
gambols, of their satisfaction at being again on
terra firma. They were then presented to the King,
who was told, that one had been also left at Owhyhee for him. He expressed his thanks, but did not
seem to comprehend their value. (Cleveland 1842:
230–231)

Cleveland noted the seemingly preoccupied King
Kamehameha, who took only “a very careless look
. . . [at] the horses.” It is likely that the effort made
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by Shaler and Cleveland to bring the horses as a
gift and their ultimate value was not immediately
understood by the king. As such, Cleveland did not
appear overly impressed with “Tamaahmaah,” although he states,
At the time of our acquaintance with Tamaahmaah,
he was a perfect savage, but evidently destined by
nature, both physically and mentally, to be a chief.
His mind was of a superior caste; . . . (Cleveland
1842:233)

During his August–September 1805 visit to Hawaii, Shaler met extensively with King “Tamaihamaiha,” who he obviously thought more highly of
than did Cleveland in 1803. Shaler writes,
Tamaihamaiha is a tall, fine proportioned man, and
of most prodigious strength and activity: he far excels all his subjects in all their manual exercises.
His features are strong and harsh at the first appearance; but his physiognomy softens very much
on acquaintance. He is a man of great natural abilities; he is very polite in his government, and extremely popular; and, if he had had the advantages
of education, would have been truly a great man.
(Shaler 1935:82)

Through acts such as sparing his enemies, treating competitors with kindness and respect due their
rank, restoring estates to those he had vanquished,
and punishing other chiefs for flagrant acts of injustice, Shaler (1935:83) explains, Kamehameha had
“unbounded popularity with the common people.”
At the time of Shaler’s 1805 visit, King Kamehameha
was attempting to rule all the Hawaiian Islands and
had a fleet of about 30 vessels “of from twenty to
sixty tons burthen” and “about thirty pieces of iron
cannon, 1000 muskets, and a considerable quantity
of powder and ball” (Shaler 1935:84–85). During his
brief stay in Hawaii, Shaler established a friendship
with King Kamehameha:
By treating Tamaihamaiha with candor and respect,
I entirely gained his good will. . . . I very frequently had long conversations with him on the affairs of his government, in which I gave him the
best advice in my power. (Shaler 1935:102)

Shaler developed such a trusted relationship
with Kamehameha that the king asked Shaler to
temporarily act as his ambassador. To this end,
Shaler relayed the king’s terms for peace to a
neighboring chief in an effort to unify Hawaii under
Kamehameha’s rule (Shaler 1935:105–108).
FATE OF THE LELIA BYRD
After Shaler and his crew left Catalina Island (12
June 1805), where the ship had been repaired, the
Lelia Byrd did not leak as badly as before. However, Shaler’s plan was to trade the vessel to Kamehameha and to proceed to Canton, China, in the
Huron with his furs.
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I hoped to make an exchange of my old ship for
one of his small vessels, which it was my intention
to send back to the [California] coast with the remainder of my cargo, under the direction of Mr.
Hudson, a young gentleman who had been long
my companion and assistant. I arrived at Whahoo
the 1st of September. . . .
Tamaihamaiha offered me my choice of all his
vessels in exchange for my ship, and promised to
equip the one I should choose in the best manner
in his power. I accordingly made choice of a new
schooner, of about forty-five tons burthen, then on
the stocks, which he agreed to finish, with the assistance of my carpenters and men, and what he
could not furnish himself to complete here was to
be taken from the ship. Tamaihamaiha was very
much flattered by the confidence I placed in him,
and assured me that I should have no just cause
to repent it. (Shaler 1935:100–101)

Shaler offers no further information about the
Lelia Byrd or the new schooner, although Cleveland (1842:246) states that the schooner was named
Queen Tamana and was captained by John T. Hudson. Cleveland would have had to learn this information later, and it is likely that Cleveland and
Shaler discussed the fate of the Lelia Byrd long
after their voyages.

[Volume 7

Although not mentioned by Shaler in his 1808
account, Cleveland (1842:244) mentions that a few
weeks after Shaler’s 1 May 1804 arrival on the
northwest coast of America, the Lelia Byrd “struck
on a shoal, and beat so heavily, before getting off, as
to cause her to leak alarmingly.” This was undoubtedly the primary reason for careening the ship at
Port Roussillon on Catalina Island.
The repairs they were able to make, were done in
so imperfect a manner, as would have made it unjustifiable to attempt any other passage, than one
where they might presume on good weather and a
fair wind all the way. . . . (Cleveland 1842:245)

In other words, the Lelia Byrd was so badly
damaged that in Shaler’s estimation it was no
longer dependable, which is why he traded the vessel to Kamehameha. Concerning what became of
the Lelia Byrd, a brief passage from Cleveland’s
account (1842:247) is all that is known:
The Lelia Byrd was repaired by the King and made
two or three voyages to China, with sandal-wood.
At length, worn out, and after being for a time a
receiving ship for opium, she was broken up or
sunk at Wampoa [near Canton].
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ISLAND SPECIALISTS: SHARED FLORA OF THE ALTA
AND BAJA CALIFORNIA PACIFIC ISLANDS
Sarah E. Ratay1, Sula E. Vanderplank2, and Benjamin T. Wilder3
ABSTRACT.—The floristic connection between the mediterranean region of Baja California and the Pacific islands of
Alta and Baja California provides insight into the history and origin of the California Floristic Province. We present
updated species lists for all California Floristic Province islands and demonstrate the disjunct distributions of 26 taxa
between the Baja California and the California Channel Islands. These 26 plant taxa are found among the 16 Pacific
islands without occurring on the intervening mainland of Alta California. Separate species lists for each island group (8
California Channel Islands and 8 Baja California Islands) were compiled. These lists were compared to the mainland California flora to identify species that occur on the California Islands and either the Baja California Pacific Islands or the
mediterranean region of the Baja California Peninsula, but not the mainland of Alta California. This first compilation of
the flora of the Baja California Islands and nomenclatural updates for the Channel Islands provide a platform for future
research and conservation planning.
RESUMEN.—El grado de conexión florística entre la región mediterránea de Baja California y las Islas del Pacífico de
Alta y Baja California proporciona un entendimiento de la historia y el origen de la Provincia Florística de California.
Presentamos listados actualizados de especies de todas las islas de la Provincia Florística de California y mostramos la
distribución aislada de veintiséis taxones entre la Baja California y las Islas del Canal de California. Identificamos aquellas especies de plantas que se pueden encontrar dentro de las dieciséis islas del Pacífico, pero no se encuentran en la
península de Alta California. Con este objetivo, recopilamos listados separados de las especies que habitan en cada
grupo de islas (las ocho Islas del Canal de California y las ocho islas de Baja California). Estos listados se compararon
con la flora existente en la península de California con el fin de identificar aquellas especies que se encuentran en las
islas de California, y tanto en las Islas del Pacífico de Baja California como en la región mediterránea de la Península de
Baja California, pero no en la península de Alta California. La primera recopilación de flora de las Islas de Baja California y actualizaciones nomenclaturales en las Islas del Canal, proporcionan una plataforma para futuras investigaciones y
planes de conservación.

The islands of the California Floristic Province (CFP) are an important component of one
of the world’s great biodiversity hotspots
(Myers et al. 2000). The CFP has commonly
been referred to as an environmental island
due to its regionally unique mediterranean-type
climate, isolation (via oceanic and orographic
boundaries), and corresponding globally significant levels of endemism. The plant community has had ample time to evolve since
the emergence of wet winters and dry summers at least 5–10 Mya (Axelrod 1973) and
perhaps earlier (Ackerly 2009, Keeley et al.
2011). The remarkable diversity and endemism
of the CFP has been attributed to relative climatic stability during glacial-interglacial transitions of the Pleistocene (Lancaster and Kay
2012, Sniderman et al. 2013). The antiquity
and distinctiveness of the California flora are

well-recognized attributes that are accentuated
on the islands of the Californias.
The degree of floristic similarity of 16 offshore islands, and their apparent role as refugia
for species once present on the mainland, has
been a persistent biogeographical puzzle. The
CFP includes 16 islands from the adjacent
coast of Alta and Baja California and extends
south to the 28th parallel, including the CFP
vegetation found on Cedros and Guadalupe
Islands (Raven and Axelrod 1978, Moran 1996,
Oberbauer 2002a). The CFP has an increasing
gradient of aridity from north to south, but
vegetation distributions are heavily influenced
by fog presence; this fog provides additional
moisture and reduces radiant loadings, significantly changing conditions for plants (Dawson
1998, Fischer et al. 2008, Vanderplank 2013).
Physical data suggest that ocean currents have
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Fig. 1. California Channel and Baja California Pacific Islands with Diegan Scrub as defined by Axelrod (1978). Map
by B.T. Wilder, adapted from Google Earth™ imagery.

been stable for millions of years (Jacobs et al.
2004), which indicates the presence of fog
during the development of the CFP.
Within the large number of plant species
on the CFP islands and the mainland of Alta
and Baja California is the occurrence of disjunct Baja California taxa on the California
Channel Islands. These species are seen today
only on the CFP islands and a distinct portion
of the California mainland termed the Diegan
Scrub, the San Diego region southward into
coastal northwestern Baja California (Fig. 1;
Axelrod 1978). However, the number and identity of this group of disjunct species has remained unknown.
To identify the species that define this pattern, we present (1) the first compiled checklist of the 8 CFP Baja California Islands, (2)

nomenclatural updates to the flora of the 8
California Channel Islands, and (3) the plants
that occur on the California Channel Islands
and in the Diegan Scrub but not the rest of
mainland California, hereafter referred to as
“exemplar taxa.”
METHODS
Development of Checklists
We assembled all existing species checklists
for the 2 island groups (Alta California and
Baja California) into 2 lists, then compared
those lists with the flora of the California
Floristic Province for both mainland Alta and
Baja California to generate the list of exemplar
taxa. The nomenclatural updates presented here
are based on our best understanding of the
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island floras at the date of publication and follow the models of the sources indicated below
for the 2 lists. Species now thought to be extirpated from the islands are denoted by an
ampersand (&). Unvouchered taxa (including
reports, photo vouchers, and personal communications) are indicated by a question mark (?).
Nonnative species are indicated by an asterisk
(*). When a subspecies was not recorded for
all the islands and some ambiguity remains,
the taxon is recorded at the species level only.
Exotic species that were planted or are not
naturalized (e.g., Nerium oleander) were deleted
from checklists.
Baja California Islands Checklist
The most recent species lists for each of
the 8 Baja California Islands (Appendix 1;
Coronados, Todos Santos, San Martín, Jeronimo, Guadalupe, San Benito, Cedros, and
Natividad) were compiled from the following
data sources:
Coronados—Oberbauer 2002b
Todos Santos—Junak and Philbrick 1994a
San Martín—Junak and Philbrick 1994b
Guadalupe—Moran 1996, Rebman 2006, Rebman et
al. 2007
San Benito—Junak and Philbrick 2002b, Rebman 2007a
Cedros—Oberbauer 1987, Rebman 2007b
Natividad—Junak and Philbrick 2002a

The list of Jeronimo island flora, consisting of
8 taxa, was provided via personal communication from Steve Junak. We verified mainland
Baja California flora distributions with the
unpublished data of Jon Rebman and Bart
O’Brien (personal communication 2013). Several taxa were added to the checklists based
on recent collections, herbarium specimens
recently encountered, and recent reports by
Sula Vanderplank, Jon Rebman, and Steve
Junak; these taxa are indicated by footnotes.
The taxonomy for this checklist follows the
Checklist of Baja California Plants in preparation by Jon Rebman.
California Channel Islands Checklist
The updated flora of the 8 California Channel Islands (Appendix 2; San Clemente, San
Nicolas, Santa Catalina, Santa Barbara, Santa
Rosa, Santa Cruz, Anacapa, and San Miguel) is
based on the master checklist complied by
Gary Wallace (1985). We included published
updates to individual island floras found in the
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National Park Service checklist from Junak et
al. (1997) for San Miguel, Santa Rosa, Santa
Cruz, Anacapa, and Santa Barbara islands. For
San Clemente Island we included updates
from Ross et al. (1996) and for San Nicholas
Island updates from Junak (2008). Additional
taxa and island records are included based on
recent collections on Santa Catalina Island by
Sarah Ratay, observations and collections on
San Clemente Island by Emily Howe (Soil
Ecology and Restoration Group, SDSU), and
herbarium specimens found in the Consortium of California Herbaria (CCH 2014), which
are listed in footnotes. The nomenclatural revision of this checklist is consistent with taxonomy of the new Jepson Manual (Baldwin et
al. 2012) through the use of the dynamic concordance tool provided on the Jepson e-flora
website (Jepson Flora Project 2013). This
checklist was developed to identify distribution patterns in the flora, and though the
nomenclature has been updated, we have not
confirmed identifications of questionable herbarium specimens, nor have we diligently pursued the lowest taxonomic rank beyond the
published sources. We are also aware of additional updates to the flora of many of the
Channel Islands in process by Steve Junak,
including publication of the flora of Catalina
Island; Junak’s updates are not included here.
Exemplar Taxa
The identification of exemplar taxa was
generated through a comparison of the 2 newly
generated island checklists (Appendixes 1, 2)
with the Jepson Manual (Baldwin et al. 2012)
and the inventory of rare and endemic plants
of CFP Baja California (O’Brien et al. 2014). A
large number of species from CFP Baja California extend just slightly into southern California and are considered near-endemic to Baja
California (O’Brien et al. 2014). As such, we
include the near-endemic species of CFP
Baja California as ‘absent’ in the mainland of
Alta California (with the exception of Crossosoma californicum, which occurs on the Palos
Verde Peninsula, and Euphorbia misera, which
occurs in the South Coast region of California
and beyond; Baldwin et al. 2012). These few
species are consistent with the concept of Diegan Scrub as proposed by Axelrod (1978).
Diegan Scrub is named for its occurrence in
southern San Diego County and south into
Baja California. It is a coastal scrub, rich in
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TABLE 1. The 26 exemplar taxa as they occur on 8 Baja California Pacific Islands and the 8 Channel California Islands.a
CRPR column provides the California Rare Plant List ranking, and the BC column provides the State of Baja California
Family

Exemplar taxa

Habit

Apiaceae
Asteraceae
Asteraceae
Boraginaceae
Cactaceae
Convolvulaceae

Lomatium insulare
Hazardia cana
Senecio lyonii
Phacelia floribunda
Bergerocactus emoryi
Calystegia macrostegia
subsp. macrostegia
Crossosoma californicum
Euphorbia misera
Acmispon argophyllus
subsp. argenteus
Lupinus guadalupensis
Trifolium palmeri
Quercus tomentella
Ribes viburnifolium
Salvia brandegeei
Eschscholzia ramosa
Mimulus latifolius
Gambelia speciosa
Dissanthelium californicum
Gilia nevinii
Leptosiphon pygmaeus
subsp. pygmaeus
Ceanothus arboreus
Rhamnus pirifolia
Prunus ilicifolia subsp. lyonii
Jepsonia malvifolia
Scrophularia villosa
Solanum wallacei

Herb
Shrub
Shrub
Herb
Succulent
Vine

Crossosomataceae
Euphorbiaceae
Fabaceae
Fabaceae
Fabaceae
Fagaceae
Grossulariaceae
Lamiaceae
Papaveraceae
Phmyraceae
Plantaginaceae
Poaceae
Polemoniaceae
Polemoniaceae
Rhamnaceae
Rhamnaceae
Rosaceae
Saxifragaceae
Scrophulariaceae
Solanaceae
NUMBER OF SPECIES

Shrub
Shrub
Shrub
Herb
Herb
Tree
Shrub
Shrub
Herb
Herb
Shrub
Herb
Herb
Herb

NAT

CED

BEN

GUA

JER

MAR

GUA
GUA
BEN

MAR
GUA
MAR
MAR

GUA
NAT

CED

BEN

GUA
GUA
GUA

MAR

GUA
GUA
GUA
CED
NAT

CED

BEN

Shrub
Shrub
Tree
Herb
Shrub
Shrub

GUA
GUA
GUA
GUA
GUA
GUA

MAR

GUA
GUA

2

3

3

GUA
GUA
GUA
21

0

5

aNatividad [NAT], Cedros [CED], San Benito [BEN], Guadalupe [GUA], Jeronimo [JER], San Martín [MAR], Todos Santos [TOS], Coronados [COR], San Clemente

succulents, that includes many endemic and
near-endemic species from CFP Baja; it also
includes the coastal succulent scrub and coastal
sage scrub ecoregions (González-Abraham et
al. 2010).
RESULTS
The California Pacific Islands in total contain
1239 unique taxa. The California Islands
separately contain 976 taxa and the Baja California Islands 535 taxa. Twenty-six of these taxa have
a disjunct occurrence between the Baja California Pacific Islands and the California Channel Islands, absent from Alta California outside the Diegan Scrub (Table 1). These exemplar taxa represent 16 families and 26 unique
genera. No one growth form predominates; of
the 26 taxa, there are 12 shrubs, 10 herbaceous annuals, 2 trees, 1 vine, and 1 xerophytic
succulent (Table 1). Fabaceae is the largest
family with 3 species on the exemplar taxa list.
These 26 taxa fall into 6 biogeographic subpatterns:

(1) multiple California Channel Islands and
Guadalupe Island, 13 taxa
(2) Guadalupe Island–San Clemente Island only,
4 taxa (Hazardia cana, Leptosiphon pygmaeus ssp. pygmaeus, Lupinus guadalupensis, Phacelia floribunda)
(3) Diegan Scrub and the Channel Islands
only, 2 taxa (Prunus ilicifolia ssp. lyonii and
Salvia brandegeei)
(4) widespread, 1 taxon (Eschscholzia ramosa)
occurs on 14 of 16 islands
(5) certain Channel and Baja California Islands
and Diegan Scrub, 4 taxa (Bergerocactus
emoryi, Crossosoma californicum, Euphorbia misera, Ribes viburnifolium)
(6) certain Channel and Baja California Islands,
2 taxa (Calystegia macrostegia ssp. macrostegia and Senecio lyonii)
DISCUSSION
The complex biogeography of the California Floristic Province can be explained in part
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Islands are listed left to right by increasing latitude. The Mainland column indicates continental occurrences. The
protected rankings.
TOS

TOS

TOS

TOS

COR

COR

COR

COR

Mainland

CLE

NIC

No
No
Baja only
No
Baja & CA
No

CLE
CLE
CLE
CLE
CLE

NIC

CA only
Baja & CA
No

CLE
CLE
CLE

No
No
No
Baja & CA
Baja only
No
No
No
No
No
No

CLE
CLE
CLE

NIC

CLE

NIC

No
No
Baja only
No
No
No
3

3

CLE
CLE
CLE
CLE
CLE
CLE
CLE
CLE
20

CAT

BAR

ROS

CRU

ANA

MIG # ISL CRPR

BC

1B.2
1B.2

ANA

3
2
4
2
5
7

1b
1b
2a
1b
4
2a

3
10
4

1B.2
2.2

2
5
6
2
1
13
3
4
3
8
2

1B.2
4.2
4.2
1B.2
1B.2
4.3
1A
1B.2
1B.2
4.3
1B.2

1b
2a
2a
4
1b
2a
1b
1b
1a
2a
1b

4.2

2a
2a

4.2
1B.2
1B.1
21

2a
1b
1b
24

CAT
CAT
CAT

NIC

NIC

NIC

6

ROS

CAT
CAT
CAT

CRU

MIG

CRU

CAT
CAT
CAT

BAR

CAT
CAT
CAT
CAT
CAT

BAR

ROS
ROS
ROS

CRU

ANA
ANA

CRU
CRU

BAR
BAR

CAT
CAT
CAT
CAT
CAT
CAT
20

4

ROS

CRU

ROS
ROS
ROS
ROS

CRU
CRU
CRU
CRU

ROS
10

CRU
11

ANA

MIG
ANA

5

2

4
6
5
6
3
4

1B.2
2.2

1b
2a

[CLE], San Nicolas [NIC], Santa Catalina [CAT], Santa Barbara [BAR], Santa Rosa [ROS], Santa Cruz [CRU], Anacapa [ANA], and San Miguel [MIG].

by analyzing unusual floristic patterns seen
on the California Pacific Islands. The 26 taxa
shared by the Baja California and Channel
Islands indicate a clear connection between
these isolated and disjunct regions. What precludes these taxa from occurring on the Alta
California mainland, and what does this suggest for the past extent of the CFP? Did these
taxa evolve locally and then migrate, or does
this pattern instead reflect a distant legacy?
Three current hypotheses attempt to explain the presence of these disjunct populations on the California Pacific Islands: (1)
these species have the ability to disperse long
distances yet for some reason have failed to
establish on the California mainland; (2) these
species were historically more widespread,
connected by former geologic linkages, and
have been unable to persist on the Alta California mainland, remaining in refugia on the
islands and in Baja California; or (3) the Channel Islands originally occurred farther south
near San Diego (Atwater 1998) and as they

moved north, fog-moderated climates retained
species native to that region.
A number of the exemplar taxa have distributions on the Channel Islands and farther
south in Baja California, suggestive of the
refugium hypothesis (i.e., these species were
once more widespread). Epling and Lewis
(1942) proposed that the diverse Diegan Scrub
has many taxa derived from Miocene vegetation that came from the north Mexican plateau.
Axelrod (1978) states that Diegan Scrub was
more restricted in the Pleistocene and expanded in the Holocene as arid-adapted taxa
moved northward into the southern Channel
Islands. Many CFP species are found in disjunct occurrences, scattered across Arizona
and Mexico, not unlike the presence of these
26 species on the islands (Valiente-Banuet et
al. 1998, Bhaskar et al. 2007). Small-scale
topographic niches and facilitation by other
species often support these occurrences. Axelrod (1978) also points out that the most important conditions for Diegan Scrub vegetation
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appear to be the absence of frost and the presence of a degree of summer moisture (in the
form of fog). The cold California current and
dense fog banks suggest that similarities in climate may help to explain the similarities in
the floras (Fischer et al. 2008).
On the other hand, a number of the exemplar taxa are perhaps better explained as having evolved on the islands. This is especially
true of many island Lotus species (Acmispon;
McGlaughlin et al. 2011, McGlaughlin personal
communication), Eschscholzia ramosa (Still and
Potter 2013), and Crossosoma californicum
(Wallace and Helenurm 2009), among others
(Baldwin, 2007). For this pattern, we hypothesize local evolution and subsequent dispersal
to similar niches on the CFP Baja Islands.
Guadalupe Island poses a particularly interesting study system. As the most isolated
island, located roughly 270 km offshore, Guadalupe is a true oceanic island never connected
to the Baja California Peninsula. Understanding
the colonization of Guadalupe may contribute
to understanding the dispersal patterns that
we see today. Of 26 exemplar taxa, 21 of them
occur on Guadalupe. Floristic similarities to
the Channel Islands flora (at least 400 km
north) may be due to the California current
moving species from the California islands
southward. Guadalupe Island has been above
water for millions of years, and its current flora
could represent the accumulation of species
from the possible sources over this time.
In addition to a better understanding of the
origin and evolution of the CFP, these species
lists allow for improved conservation planning.
Twenty-one of the 26 species are listed by the
California Rare Plant Ranking (CNPS 2013)
yet currently have no protection with the Mexican government. Twenty-five of the 26 species
are listed in the rare plant ranking for Baja
California (O’Brien et al. in press). These rankings are utilized in conservation planning in
California and would be useful for land planning in Baja California. These combined
islands species lists provide important information about the level of invasive species in
the regions. Of the 535 taxa on the Baja California Islands, roughly 14% (74) are introduced species (excluding planted species,
which were not included in our analyses). In
comparison, of the 976 species on the California Channel Islands, roughly 28% (278) are
introduced species. Presumably, the lower
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proportion of invasive species on the Baja
California Islands is due to less human use
and fewer impacts to date.
The exemplar taxa identified by this process
can now serve as the focal point of research to
better understand the region’s historical biogeography. Such research can incorporate
phylogenetic relationships and their importance
in community assembly (Webb et al. 2008).
Functional trait analyses would help determine if these taxonomically diverse species
share inherent traits that explain their disjunct
distributions. Comparative phylogeographic
studies of these shared taxa would test the
specific hypothesis discussed above, among
others, and offer a glimpse into the past. Additionally, the knowledge of patterns and modes
of dispersal would provide valuable natural
history information. Further genetic work to
resolve the origin of these island specialist
species would help to elucidate questions of
timing, and definitively separate neo- and paleoendemics in the exemplar list.
Conservation activity in Baja California has
recently expanded, yet knowledge of plant distributions and ecology remains limited. We
hope that these updated checklists of the California Pacific Islands will facilitate species
status and distribution updates on both sides
of the border, and foster well-informed conservation decisions that promote expanded science
and management for the transborder ecoregion.
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var. binata (Engelm.) Lemmon
var. cedrosensis (J.T. Howell) Axelrod

ssp. maxonii (Weath.) Yatsk., Windham
& E.Wollenw.
ssp. viscosa (D.C. Eaton) Yatsk., Windham,
& E. Wollenw.
ssp. semipallida (J.T. Howell) Yatsk.,
Windham & E. Wollenw.

var. mucronata
ssp. triangularis

ssp. californica
ssp. leucophylla Windham

ssp./var. and infraname

COR

COR

COR

COR

TOS

TOS

MAR

JER

GUA

GUA

GUA

GUA

GUA

GUA

GUA

GUA
GUA

GUA
GUA

GUA
GUA

GUA

GUA

BEN

CED

CED

CED

CED?

CED

CED
CED
CED

CED
CED

CED

NAT
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1Synonym: Cupressus guadalupensis S. Watson

FERNS
Dryopteridaceae
Polystichum munitum (Kaulf.) C. Presl
Polypodiaceae
Polypodium californicum Kaulf.
Polypodium scouleri Hook. & Grev.
Pteridaceae
Adiantum capillus-veneris L.
Cheilanthes brandegeei D.C. Eaton
Pteridaceae
Cheilanthes newberryi Domin
Notholaena californica D.C. Eaton
Notholaena californica D.C. Eaton
Pellaea andromedifolia (Kaulf.) Fee
Pellaea mucronata D.C. Eaton
Pentagramma triangularis
(Kaulf.) Yatskievych et al.
Pentagramma triangularis
(Kaulf.) Yatskievych et al.
Pentagramma triangularis
(Kaulf.) Yatskievych et al
Pentagramma triangularis
(Kaulf.) Yatskievych et al
GYMNOSPERMS
Cupressaceae
Hesperocyparis guadalupensis
(S. Watson) Bartel1
Juniperus californica Carrière
Ephedraceae
Ephedra aspera S. Watson
Pinaceae
Pinus radiata D. Don
Pinus radiata D. Don
MONOCOTS
Arecaceae
Brahea edulis H. Wendl. ex S. Watson

Family/species

APPENDIX 1. Plant species checklist for the 8 Baja California islands (Cedros [CED], Coronados [COR], Jeronimo [JER], Guadalupe [GUA], Natividad [NAT]; San Benito [BEN],
San Martín [MAR], and Todos Santos [TOS]). An ampersand (&) indicates an extirpated species; a question mark (?) indicates an unvouchered taxon; and an asterisk (*) indicates a
nonnative species.
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var. pectinacea

ssp. rubens (L.) Husnot

ssp. leopoldii
var. bufonius
var. congestus Wahlenb

ssp./var. and infraname

COR

COR
COR
TOS

TOS
TOS
TOS
TOS

COR
COR
COR

TOS
TOS

TOS

TOS

TOS

COR
COR

COR

COR

COR

COR

MAR
MAR

MAR
MAR

MAR
MAR
MAR

MAR

JER

GUA

GUA
GUA
GUA
GUA

GUA
GUA
GUA

GUA

GUA
GUA

GUA
BEN

BEN

CED?
CED

CED

CED

CED
CED
CED
CED
CED

CED

CED?
CED
CED?

CED

CED

CED

NAT

NAT

NAT
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2Report confirmed, herbarium specimen @ SD
3New record; herbarium specimen @ RSA, SD
4New record; herbarium specimen @ RSA, SD
5Synonym: Monanthochloe littoralis Englem.
6Synonym: Leymus condensatus (J. Presl) Á. Löve
7Synonym: Vulpia bromoides (L.) Gray

Agavaceae
Agave sebastiana Greene
Agave shawii Englem.
Yucca valida Brandegee
Cyperaceae
Carex spissa L.H. Bailey
Eleocharis geniculata (L.) Roemer & Schultes
Schoenoplectus californicus (C.A. Mey) Soják
Juncaceae
Juncus acutus L.2
Juncus bufonius L.3
Juncus bufonius L.4
Liliaceae
Calochortus splendens Dougl.
Orchidaceae
Piperia cooperi (S. Watson) Rydb
Poaceae
Agrostis pallens Trin.
Aristida adscensionis L.
Arundo donax L.*
Avena barbata Brot.*
Avena fatua L.*
Bromus berteroanus Colla
Bromus carinatus Hook. & Arn.
Bromus diandrus Roth.*
Bromus hordeaceus L.*
Bromus madritensis L.*
Bromus tectorum L.*
Cynodon dactylon (L.) Pers.*
Distichlis spicata (L.) Greene
Distichlis littoralis (Engelm.)
H.L. Bell & Columbus5
Elymus condensatus J. Presl6
Eragrostis pectinacea (Michx.) Nees
Festuca bromoides L.7*

Family/species

APPENDIX 1. Continued
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APPENDIX 1. Continued

(Piper) Henrard

ssp. capitatum

ssp. secunda

var. octoflora
ssp. glaucum (Steud.) Tzvelev.
ssp. leporinum (Link) Arcang

var. pauciflora Scribn.

ssp./var. and infraname

8Synonym: Vulpia microstachys (Nutt.) Murno
9Synonym: Vulpia myuros (L.) C.C. Gmel.
10Synonyms: Vulpia octoflora (Walter) Rydb. var. octoflora and V. o. var. hirtella
11New record; herbarium specimen @ SD (Thorne 53921)
12Synonym: Stenochloa californica Nutt.
13Synonym: Agrostis semiverticillata (Forssk.) C. Chr.
14Synonym: Achnatherum speciosum (Trin.& Rupr.) Barkworth
15Synonym: Nassella lepida (Hitchc.) Barkworth

Festuca microstachys Nutt.8
Festuca myuros L.9*
Festuca octoflora Walt.10
Hordeum murinum L.*
Hordeum murinum L.*
Lamarckia aurea (L.) Moench*
Melica frutescens Scribner
Melica imperfecta Trin.
Muhlenbergia microsperma (DC.) Kunth
Phalaris caroliniana Walt.
Phalaris minor Retz.*
Piptochaetium pringlei (Beal) Parodi
Poa annua L.*
Poa secunda J.S. Presl
Poa thomasii Refulio12
Polypogon viridis (Gouan) Breistr.13*
Polypogon monspeliensis* (L.) Desf.
Schismus barbatus (L.) Thell.*
Sorghum bicolor (L.) Moench*
Stipa speciosum Trin. & Rupr.14
Stipa lepida A. Hitchc.15
Stipa diegoensis Swallen
Stipa pulchra Hitchc.
Triticum aestivum L.*
Zea mays L.*
Themidaceae
Dichelostemma capitatum Alph. Wood
Triteleia guadalupensis L.W. Lenz
Triteleiopsis palmeri (S.Watson) Hoover
Typhaceae
Typha latifolia L.
Zosteraceae
Phyllospadix scouleri Hook.

Family/species
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COR
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TOS

TOS
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TOS11
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TOS
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MAR

JER
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CED
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CED
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NAT
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var. veatchiana (Kell.) Gentry

ssp./var. and infraname
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TOS

TOS
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16New record; herbarium specimen @ RSA, SD
17New record; herbarium specimen @ SD (166694, Amadeo Rea 1568, 22 Feb 1988)

Phyllospadix torreyi S. Watson
Zostera marina L.
BASAL DICOTS
Saururaceae
Anemopsis californica (Nutt.) H. & A.
EUDICOTS
Aizoaceae
Carpobrotus chilensis (Molina) N.E. Br.*
Mesembryanthemum crystallinum L.*
Mesembryanthemum nodiflorum L.*
Anacardiaceae
Malosma laurina (Nutt. in T. & G.) Nutt. ex Abrams
Pachycormus discolor (Benth.) Cov.
Rhus integrifolia (Nutt.) Brewer & S. Watson
Rhus integrifolia ×lentii
Rhus lentii Kell.
Apiaceae
Coriandrum sativum L.*
Foeniculum vulgare Mill.*
Apiastrum angustifolium Nutt. in Torrey & A. Gray
Bowlesia incana Ruiz & Pav.
Daucus pusillus Michaux
Lomatium insulare (Eastw.) Munz.
Yabea microcarpa (Hook. & Arn.) Koso-Pol.16
Apocynaceae
Asclepias subulata Decne. in A. DC.
Nerium oleander L.*
Araliaceae
Hydrocotyle umbellata17
Asteraceae
Agoseris heterophylla (Nutt.) Greene
Amauria rotundifolia Benth.
Amblyopappus pusillus Hook. & Arn.
Ambrosia camphorata (Greene) Payne
Ambrosia chamissonis (Less.) Greene
Ambrosia chenopodiifolia (Benth.) Payne
Ambrosia magdalenae (Brandegee) Payne
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var. grandiflorum

var. glabriuscula

var. juncea

ssp./var. and infraname
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18Synonym: Viguiera laciniata A. Gray
19New record; herbarium specimen @ SD
20New record; herbarium specimen @ SD
21Synonym: Hemizonia greeneana Rose ssp. peninsularis (Moran) B.L. Turner
22New record; herbarium specimens@ SD
23Synonym: Conyza floribunda Kunth
24Synonym: Chrysanthemum coronarium L.
25New record; herbarium specimen @ SD (5248, Ralph Sumner, s.n. 1920-specimen recently identified)

Artemisia californica Less.
Baccharis sarothroides A. Gray
Baeriopsis guadalupensis J.T. Howell
Bahiopsis laciniata A. Gray18
Bebbia juncea (Benth.) Greene
Brickellia microphylla (Nutt.) A. Gray
Centaurea melitensis L.*
Chaenactis glabriuscula DC.19
Chaenactis lacera Greene20
Coreocarpus involutus Greene
Deinandra fasciculata (DC.) Greene
Deinandra frutescens (A. Gray) B.G. Baldwin
Deinandra greeneana (Rose) B.G. Baldwin
Deinandra palmeri (Rose) B.G.Baldwin
Deinandra palmeri × D. greeneana
Deinandra peninsularis (Moran)
B.G. Baldwin21
Deinandra streetsii (A. Gray) B.G. Baldwin
Encelia asperifolia (S.F. Blake) Clark & Kyhos
Encelia californica Nutt.
Encelia palmeri Vasey & Rose
Encelia stenophylla Greene
Ericameria brachylepis (A. Gray) Hall
Erigeron sumatrensis Retz.23*
Eriophyllum confertiflorum (DC.) A. Gray
Eriophyllum lanatum (Pursh) J. Forbes
Glebionis coronarium (L.) Cass. ex Spach24*
Greenella ramulosa Greene
Gutierrezia sarothrae (Pursh) Britt. & Rusby
Hazardia berberidis (A. Gray) Greene
Hazardia cana (A. Gray) Greene
Hazardia orcuttii (A. Gray) Greene25
Hypochaeris glabra L.*
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var. odorata

var. menziesii

ssp./var. and infraname
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26Synonym: Coreopsis gigantea (Kellogg) H.M. Hall
27Synonym: Coreopsis maritima (Nutt.) Hook. f.
28Synonym: Filago arizonica A. Gray
29Synonym: Filago californica Nutt.
30Synonym: Chamomilla occidentalis (Greene) Rydb.
31New record; herbarium specimen @ RSA, SD
32New record; herbarium specimen @ RSA, SD
33New record; herbarium specimen @ RSA, SD (description pending)

Isocoma menziesii (Hook. & Arn.)
G.L. Nesom
Iva hayesiana A. Gray
Lasthenia coronaria (Nutt.) Ornduff
Lasthenia gracilis (DC.) Greene
Layia platyglossa (Fisch. & Mey.) A. Gray
Leptosyne gigantea Kellogg26
Leptosyne maritima (Nutt.) A.Gray27
Logfia arizonica (A. Gray) Holub28
Logfia filaginoides (Hook. & Arn.) Morefield29
Malacothrix clevelandii A. Gray
Malacothrix foliosa A. Gray
Malacothrix insularis Greene
Malacothrix similis Davis & Raven
Matricaria occidentalis Greene30*
Micropus californicus Fisch. & C.A. Mey.
Perityle californica Benth.
Perityle emoryi Torrey
Perityle incana A. Gray
Pluchea odorata (L.) Cass.
Porophyllum gracile Benth.
Pseudognaphalium beneolens Davidson
Pseudognaphalium biolettii Anderberg
Pseudognaphalium luteoalbum (L.)
Hilliard & B.L. Burtt
Pseudognaphalium microcephalum Nutt.
Pseudognaphalium ramosissimumNutt.
Pseudognaphalium sp. nova33
Pseudognaphalium stramineum
(Kunth) Anderberg
Rafinesquia californica Nutt.
Senecio aphanactis Greene
Senecio cedrosensis Greene
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var. hispida (A. Gray) J. Howell
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34Synonym: Cryptantha angelica I. M. Johnston; herbarium specimen @ SD (Moran 25430)

Senecio lyonii A. Gray
Senecio palmeri A. Gray
Senecio sylvaticus L.*
Sonchus oleraceus L.*
Sonchus tenerrimus L.*
Stebbinsoseris heterocarpa (Nutt.) Chambers
Stephanomeria diegensis Gottlieb
Stephanomeria guadalupensis Brandegee
Trixis californica Kell.
Uropappus lindleyi (DC.) Nutt.
Verbesina dissita A. Gray
Verbesina hastata Kell.
Viguiera lanata (Kell.) A. Gray
Xylothamia diffusa (Benth.) Nesom
Boraginaceae
Amsinckia inepta J.F. Macbr.
Amsinckia menziesii (Lehm.) Nels. & Macbr.
Cryptantha barbigera
Cryptantha clevelandii Greene
Cryptantha foliosa Reiche
Cryptantha grayi (V. & R.) Macr.
Cryptantha intermedia (A. Gray) Greene
Cryptantha maritima (Greene)
Cryptantha maritima (Greene)
Cryptantha patula Greene
Emmenanthe penduliflora Benth.
Eucrypta chrysanthemifolia (Benth.) Greene
Eucrypta chrysanthemifolia (Benth.) Greene
Harpagonella palmeri A. Gray
Heliotropium curassavicum L.
Johnstonella angelica (I.M. Johnston) Hasenstab
& M.G. Simpson34
Pectocarya linearis DC
Pectocarya recurvata I.M. Johnst.
Phacelia cedrosensis Rose
Phacelia cicutaria Greene
Phacelia crenulata Torr.
Phacelia distans Benth.
Phacelia floribunda Greene
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var. insulare C.L.Hitchc.

var. latifolium

var. brachycarpa (Richardson) Detling
ssp. glabra (Woot. & Standl.) Detl.
ssp. halictorum (Cockerell) Detling
ssp. menziesii (DC.) Detling
var. integrifolia
ssp. sativa

var. heterophyllus

var. californicus
var. gracilis Jtn.

ssp./var. and infraname
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35New record; herbarium specimen @ RSA, SD
36Synonym: Guillenia lasiophylla (Hook. & Arn.) Greene
37New record; herbarium specimen @ SD (John Brown, s.n., April 4 1983)
38Synonym: Hutchinsia procumbens (L.) Desv.

Phacelia hirtuosa A. Gray
Phacelia ixodes Kell.
Phacelia parryi Torr.
Phacelia phyllomanica A. Gray
Pholistoma auritum (Lindl.) Lilja
Pholistoma racemosum (Nutt.) Const.
Plagiobothrys acanthocarpus (Piper)
I.M. Johnst.
Plagiobothrys collinus (Philbr.) I.M. Jhtn.
Plagiobothrys collinus (Philbr.) I.M. Jhtn.
Brassicaceae
Athysanus pusillus (Hook.) Greene
Brassica nigra (L.) W.D.J. Koch*
Brassica rapa L.*
Brassica tournefortii Gouan*
Cakile maritima Scop.*
Capsella bursa-pastoris (L.) Medik.*
Caulanthus heterophyllus Payson
Caulanthus lasiophyllus (Hook. & Arn.) Payson36
Descurainia pinnata (Walt.) Britt.
Descurainia pinnata
Descurainia pinnata (Cockerell) Detling
Descurainia pinnata (Cockerell) Detling
Draba cuneifolia S. Watson
Eruca vesicaria (L.) Cav.37
Erysimum moranii Rollins
Hornungia procumbens (L.) Hayek38*
Lepidium lasiocarpum Nutt.
Lepidium nitidum Torrey & A. Gray
Lepidium oblongum Small
Raphanus sativus L.*
Sibara angelorum (S. Watson) Greene
Sisymbrium irio L.*
Sisymbrium orientale L.*
Thysanocarpus erectus S. Watson
Thysanocarpus laciniatus Nuttall
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39New record; pers. comm. Jon Rebman, SD (includes Cylindropuntia cedrosensis Rebman)
40New record; herbarium specimen @ RSA, SD
41Re-identification, changed from M. hutchinsonia
42New record; herbarium specimen @ RSA
43New record; herbarium specimen @ RSA
44Synonym: Celtis douglasii Planch.
45Synonym: Isomeris arborea Nutt. ssp. angustata Parish
46New record; herbarium specimen @ SD Rebman 6230

Cactaceae
Bergerocactus emoryi (Engelm.) Br. & R.
Cochemiea pondii Walton
Cylindropuntia alcahes (F.A.C. Weber) F.M. Knuth
Cylindropuntia cholla (F.A.C. Weber) F.M. Knuth
Cylindropuntia prolifera (Engelm.) F.M.Knuth
Cylindropuntia sp. nova39
Echinocereus maritimus (M.E. Jones) K. Schum.
Ferocactus chrysacanthus (Orcutt) Britt. & Rose
Ferocactus fordii (Orcutt) Britt. & Rose
Lophocereus schottii (Engelm.) Br. & R.
Mammillaria blossfeldiana Boedeker
Mammillaria dioica M.K. Brandegee
Mammillaria goodridgei Scheer
Mammillaria goodridgei Scheer
Mammillaria hutchisoniana (Gates) Boed.
Mammillaria louisae G.E. Linds
Mammillaria neopalmeri R.T. Craig
Myrtillocactus cochal (Orcutt) Britt. & Rose
Opuntia ficus-indica (L.) Miller
Opuntia littoralis (Engelm.) Cockerell
Opuntia oricola Philbrick
Pachycereus pringlei (S. Watson) Britton & Rose
Stenocereus gummosus (Engelm.) A.C.
Gibson & K.E. Horak
Campanulaceae
Githopsis diffusa A. Gray
Triodanis biflora (Ruiz & Pav.) Greene
Cannabaceae
Celtis laevigata44
Capparaceae
Peritoma arborea (Nutt.) Iltis45
Peritoma arborea (Nutt.) Iltis46
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var. holosteoides
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ssp./var. and infraname
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47Synonym: Lonicera hispidula (Lindl.) Douglas ex Torr. & A. Gray var. vacillans
48Synonym: Silene laciniata Cav. ssp. major C.L. Hitch. & Maguire
49New record; herbarium specimen @ RSA, SD
50New record; herbarium specimen @ RSA, SBBG
51Synonym: Salicornia subterminalis Parish
52New record; herbarium specimen @ RSA, potentially new species

Caprifoliaceae
Lonicera hispidula Dougl.47
Lonicera subspicata Hook. & Arn.
Caryophyllaceae
Achyronychia cooperi Torrey & A. Gray
Cerastium glomeratum Thuill.*
Drymaria holosteoides Benth.
Herniaria hirsuta L.
Polycarpon depressum Nutt.
Silene antirrhina L.
Silene gallica L.*
Silene laciniata Cav.48
Spergularia bocconii (Scheele) Merino*
Spergularia macrotheca
(Hornem. ex Cham. & Schltdl.) Heynh.49
Spergularia macrotheca
(Hornem. ex Cham. & Schltdl.) Heynh.
Spergularia marina J.& K. Presl
Spergularia villosa (Pers.) Camb.*
Stellaria media (L.) Vill.*
Stellaria pallida (Dumort.) Crép*
Stellaria nitens Nutt.
Allenrolfea occidentalis (S. Watson) Kuntze
Chenopodiaceae
Aphanisma blitoides Nutt.
Arthrocnemum subterminale (Parish) Standl.51
Atriplex barclayana (Benth.) Dietr.
Atriplex californica Moq.
Atriplex canescens (Pursh) Nutt.
Atriplex coulteri (Moq.) D. Dietr.
Atriplex julacea S. Watson
Atriplex leucophylla (Moq. in DC.) D. Dietr.
Atriplex pacifica Nels.
Atriplex semibaccata R. Br.*
Atriplex serenana A. Nelson ex Abrams
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ssp. salina

ssp. intermedia
ssp. macrostegia

ssp./var. and infraname
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53New record; pers. comm. Jon Rebman
54Synonym: Salicornia virginica L.
55New record; herbarium specimen @ SD
56New record; pers. comm. Jon Rebman
57New record; herbarium specimen @ RSA, SD Moran 20315

Atriplex suberecta Verdoorn
Atriplex watsonii A. Nelson
Chenopodium album L.
Chenopodium californicum (S. Watson) S. Watson
Chenopodium flabellifolium Standl.
Chenopodium murale L.*
Salicornia pacifica Standl.54
Salsola australis R.Br.*
Suaeda nigra (Rafinesque) J.F. Macbride
Suaeda taxifolia (Standl.) Standl.
Convolvulaceae
Calystegia macrostegia (Greene) Brummitt
Calystegia macrostegia (Greene) Brummitt
Calystegia macrostegia (Greene) Brummitt
Cuscuta californica Hook. & Arn.
Cuscuta corymbosa Ruiz & Pavon
Cuscuta salina Engelm.57
Dichondra occidentalis House
Crassulaceae
Crassula connata (Ruiz Lopez & Pavon)
A. Berger
Dudleya acuminata Rose
Dudleya albiflora Rose
Dudleya anomala (Davidson) Moran
Dudleya anthonyi Rose
Dudleya anthonyi × D. cultrata Rose
Dudleya attenuata (S. Watson) Moran
Dudleya brittonii D.A. Johans.
Dudleya candida Britton
Dudleya cedrosensis Moran
Dudleya cultrata Rose
Dudleya guadalupensis Moran
Dudleya ingens Rose
Dudleya lanceolata (Nutt.) Britton & Rose
Dudleya linearis (Greene) Britt. & Rose
Dudleya pachyphytum Moran & Benedict
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ssp./var. and infraname
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58Synonym: Chamaesyce pondii (Millsp.) Millsp.
59Synonym & per Jon Rebman may be recognized as: Lotus argophyllus (A. Gray) Greene ssp. ornithopus (Greene) P.H. Raven
60Synonym: Lotus cedrosensis Greene
61Synonym: Lotus scoparius (Torr. & A. Gray) Ottley
62Synonym: Lotus grandiflorus (Benth.) Greene
63Synonym: Lotus salsuginosus Greene ssp. brevivexillus Ottley
64Synonym: Lotus nudatus (Greene) Greene
65Synonym: Lotus rigidus (Benth.) Greene
66Synonym: Lotus strigosus (Nutt.) Greene

Dudleya virens (Rose) Moran
Dudleya ×semiteres (Rose) Moran
Crossosomataceae
Crossosoma californicum Nutt.
Cucurbitaceae
Echinopepon minimus (Kell.) S. Watson
Marah guadalupensis Greene
Marah macrocarpus (Greene) Greene
Ericaceae
Arctostaphylos sp.
Xylococcus bicolor Nutt.
Euphorbiaceae
Acalypha californica Benth.
Andrachne ciliato-glandulosa (Millsp.) Croizat
Euphorbia albomariginata Torr. & A. Gray*
Euphorbia bartolomaei Greene
Euphorbia crenulata Engelm.
Euphorbia misera Benth.
Euphorbia polycarpa Benth.
Euphorbia pondii Millsp.58
Fabaceae
Acmispon argophyllus (A. Gray) Brouillet59
Acmispon flexuosus (Greene) Brouillet60
Acmispon glaber (Vogel) Brouillet61
Acmispon grandiflorus (Benth.) Brouillet62
Acmispon maritimus (Nutt.) D.D. Sokoloff63
Acmispon nudatus (Greene) Brouillet64
Acmispon rigidus (Benth.) Brouillet65
Acmispon strigosus (Nutt.) Brouillet66
Astragalus aff. gambelianus E. Sheld.
Astragalus fastidius (Kell.) M.E. Jones
Astragalus insularis Kell.
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ssp. ludoviciana
var. minuta (M.E. Jones) Seigler & Ebinger

var. truncatum (Greene) Martin ex Isely

var. pondii (Greene) C. P. Smith

ssp. concinnus

var. magdalenae
var. cedrosensis M.E. Jones
var. lonchus (M.E. Jones) Barneby

ssp./var. and infraname
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67Synonym: Pithecellobium confine Standl.
68Synonym: Lotus watsonii (Vasey & Rose) Greene
69New record; pers. comm. Jon Rebman
70New record; herbarium specimen @ SD
71New record; pers. comm. Jon Rebman, photovoucher @ SD; synonym: Acacia farnesiana var. minuta
72Synonym: Centaurium venustum (A. Gray) B.L. Rob.

Astragalus magdalenae Greene
Astragalus nuttallianus DC.
Astragalus trichopodus A. Gray
Dalea mollis Benth.
Ebenopsis confinis (Stand.)
Britton & Rose67
Errazurizia benthamii (Brandegee)
I.M. Johnst.
Lupinus concinnus Agardh.
Lupinus guadalupensis Greene
Lupinus niveus S. Watson
Lupinus sparsiflorus Benth.
Lupinus succulentus Dougl.
Lupinus truncatus Hook. & Arn.
Medicago polymorpha L.*
Melilotus indicus (L.) All.*
Phaseolus filiformis Benth.
Syrmatium watsonii (Vasey & Rose) Brand68
Trifolium depauperatum Desv.
Trifolium gracilentum Torr. & A. Gray
Trifolium microcephalum Pursh
Trifolium palmeri S. Watson
Trifolium willdenovii Sprengel
Vicia hassei S. Watson
Vicia ludoviciana Nutt.
Vachellia farnesiana (L.) Wight & Arn.71*
Quercus cedrosensis C.H. Müll.
Quercus tomentella Engelm.
Frankeniaceae
Frankenia palmeri S. Watson
Frankenia salina (Molina) I.M. Johnst.
Garryaceae
Garrya veatchii Kell.
Gentianaceae
Zeltnera venusta (A. Gray) G. Mans.72
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ssp. assurgentiflora

var. nesiotes

ssp./var. and infraname
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73Synonym: Satureja palmeri (A. Gray) Briq.
74Synonym: Lavatera lindsayi Moran
75Synonym: Lavatera occidentalis S. Watson
76Synonym: Lavatera venosa S. Watson
77Synonym: Lavatera assurgentifolia Kellogg

Geraniaceae
Erodium botrys (Cav.) Bertol*
Erodium brachycarpum (Godr.) Thell.*
Erodium cicutarium (L.) L’Her. ex Ait.*
Erodium moschatum (L.) L’Her. ex Ait.*
Erodium texanum A. Gray
Pelargonium ×hortorum L.H. Bailey*
Grossulariaceae
Ribes tortuosum Benth.
Ribes viburnifolium A. Gray
Lamiaceae
Clinopodium palmeri (A. Gray) Kuntze73
Marrubium vulgare L.*
Monardella thymifolia Greene
Pogogyne tenuiflora A. Gray
Salvia cedrosensis Greene
Salvia columbariae Benth.
Teucrium glandulosum Kell.
Loasaceae
Eucnide cordata Kell.
Mentzelia adhaerens Bentham
Mentzelia hirsutissima S. Watson
Mentzelia micrantha (Hook. & Arn.)
Torr. & A. Gray
Petalonyx linearis Greene
Malvaceae
Abutilon californicum Benth.
Eremalche exilis (A. Gray) Greene
Malva assurgentiflora (Kellogg) M.F. Ray74*
Malva lindsayi (Moran) M.F. Ray75
Malva pacifica M.F. Ray76
Malva parviflora L.*
Malva occidentalis (S. Watson) M.F. Ray77
Sphaeralcea fulva Greene
Sphaeralcea palmeri Jeps.
Sphaeralcea sulphurea S. Watson
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COR

var. crassifolia (Choisy) Spellenb.

ssp. arborea
ssp. wigginsii

ssp. cedrosensis (Greene)
W.L. Wagner & Hoch

ssp. suffruticosa (S. Watson) W.L.
Wagner & Hoch
ssp. guadalupensis

COR

COR

COR

ssp. parviflora
ssp. mexicana (Rydberg) Miller (Chambers)

ssp./var. and infraname
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78Synonym: Calandrinia maritima Nutt.
79New record; herbarium specimen @ RSA, SD
80Synonym: Camissonia cheiranthifolia (Hornem. ex Spreng.) Raim. ssp. suffruticosa (S. Watson) P.H. Raven
81Synonym: Camissonia guadalupensis S. Watson) P.H. Raven ssp. guadalupensis
82Synonym: Camissonia robusta P.H. Raven
83Synonym: Camissonia cardiophylla (Torr.) P.H. Raven ssp. cedrosensis (Greene) P.H. Raven
84Synonym: Camissonia californica (Nutt. ex Torr. & A. Gray) P.H. Raven
85Synonym: Camissonia crassifolia (Greene) P.H. Raven

Eulobus californica Nutt. ex Torr. & A. Gray84
Eulobus crassifolius (Greene)
W.L. Wagner & Hoch85
Epilobium foliosum (Torr. & A. Gray) Suksdorf
Xylonagra arborea (Kell.) Domm.-Smith & Rose
Xylonagra arborea (Kell.) Domm.-Smith & Rose
Orobanchaceae
Castilleja attenuata (A. Gray) Chuang & Heckard

Montiaceae
Calandrinia ciliata (Ruiz Lopez & Pavon) DC.
Cistanthe guadalupensis (Dudley)
Carolin ex Hershk.
Cistanthe maritima (Nutt.)78
Carolin ex Hershkovitz
Claytonia parviflora Dougl. ex Hook.79
Claytonia perfoliata Willd. & Chambers
Claytonia spathulata Douglas
Myrsinaceae
Anagallis arvensis L.*
Nyctaginaceae
Abronia maritima Nutt. ex S. Watson
Mirabilis laevis (Benth.) Curran
Oleaceae
Hesperelaea palmeri A.Gray
Onagraceae
Camissoniopsis cheiranthifolia (Hornem.
ex Spreng.) W.L. Wagner & Hoch80
Camissoniopsis guadalupensis (S. Watson)
W.L. Wagner & Hoch81
Camissoniopsis robusta (P.H. Raven) W.L.
Wagner & Hoch82
Chylismia cardiophylla (Torr.) Small83
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ssp. pygmaeus

ssp. abrotanifolia (Nutt. ex Greene) V.E. Grant

ssp. insularis

COR

var. heterophylla

COR

COR

COR

COR

TOS

COR

ssp. subsessile (A. Gray) D.M. Thomps.

TOS

COR

TOS

TOS

TOS

TOS?

TOS

COR

TOS

ssp. subinclusa
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ssp. exserta

ssp./var. and infraname
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86Synonym: Stylomecon heterophylla (Benth.) G. Taylor
87Synonym: Mimulus aurantiacus Curtis var. aurantiacus
88Synonym: Mimulus latifolius A. Gray, Diplacus latifolius (A. Gray) G.L. Nesom (Douglas ex Benth.) Spach
89Synonym: Mimulus cardinalis Douglas ex Benth.
90Synonym: Galvezia juncea (Benth.) Ball
91Synonym: Galvezia speciosa (Nutt.) A. Gray
92Synonyms: Linaria texana Scheele and Linaria canadensis (L.) Dum. Cours.
93Synonym: Linanthus pygmaeus (Brand) J.T. Howell ssp. pygmaeus

Castilleja exserta (A. Heller)
Chuang & Heckard
Castilleja fruticosa Moran
Castilleja guadalupensis Brandegee
Castilleja subinclusa Greene
Papaveraceae
Eschscholzia californica Cham.
Eschscholzia elegans Greene.
Eschscholzia palmeri Rose
Eschscholzia ramosa Greene
Platystemon californicus Benth.
Papaver heterophyllum A. Gray86
Phrymaceae
Diplacus ×australis (McMinn ex Munz) Tulig87
Diplacus brandegeei (Pennell)
G.L. Nesom88
Erythranthe cardinalis89
Plantaginaceae
Antirrhinum nuttallianum Benth.
Antirrhinum watsonii Vasey & Rose
Collinsia heterophylla Buist.
Gambelia juncea (Benth.) D.A. Sutton90
Gambelia speciosa Nutt.91
Nuttallanthus texanus (Scheele) D.A. Sutton92
Penstemon cedrosensis Kell.
Plantago ovata Forssk.
Polemoniaceae
Allophyllum gilioides (Benth.) A. & V. Grant
Gilia angelensis V.E. Grant
Gilia capitata Sims
Gilia nevinii A. Gray
Leptosiphon pygmaeus (Brand) J.T. Howell93
Linanthus dianthiflorus (Benth.) Greene
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var. obtusifolium S. Wats.

ssp. microphylla

ssp. insulare (H.J. Thomps.) Reveal

var. taxifolium (Greene) Parish
var. fruticosa (Greene) Reveal

var. testudinum Reveal

Microsteris gracilis (Hook.) Greene

ssp./var. and infraname
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COR

COR
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94Synonym: Chorizanthe coriacea Goodman
95New record; herbarium specimen @ RSA, SD, SBBG; synonym: Ceanothus greggii A. Gray var. perplexans (Trel.) Jeps.

Linanthus uncialis (Brandegee) Moran
Linanthus veatchii (C. Parry) J.M.
Porter & L.A. Johnson
Polygonaceae
Eriogonum fasciculatum Benth.
Eriogonum grande Greene
Eriogonum intricatum Benth.
Eriogonum molle Greene
Eriogonum pondii Greene Torrey ex Benth.
Eriogonum zapatoense Moran
Eriogonum wrightii
Harfordia macroptera (Benth.)
Greene & Parry
Lastarriaea coriacea (Goodman) Hoover94
Pterostegia drymarioides F. & M.
Portulacaceae
Portulaca oleracea L.*
Primulaceae
Dodecatheon clevelandii Greene
Ranunculaceae
Clematis pauciflora Nutt.
Delphinium cardinale Hook.
Delphinium parryi A. Gray
Myosurus minimus L.
Ranunculus hebecarpus H. & A.
Resedaceae
Oligomeris linifolia (Vahl.) Macbr.
Rhamnaceae
Ceanothus arboreus Greene
Ceanothus crassifolius Torr.
Ceanothus cuneatus (Hook.) Nutt.
Ceanothus perplexans Trel.95
Ceanothus verrucosus Nutt.
Rhamnus insula Kellogg
Rhamnus pirifolia Greene
Ziziphus parryi Torr.
Rosaceae
Adenostoma fasciculatum Hook. & Arn.
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var. crassifolia

var. brevipes

var. eremicum Hilend & J. Howell

ssp. angustifolium

ssp./var. and infraname
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96New record; herbarium specimen @ SD.

Aphanes occidentalis Rydberg
Heteromeles arbutifolia (Lindl.) M. Roem.
Rubiaceae
Galium angulosum A. Gray
Galium angustifolium Nutt.
Galium aparine L.
Galium coronadoense Dempster
Galium stellatum Kellogg
Rutaceae
Ruta chalepensis L.
Sapindaceae
Aesculus parryi A. Gray
Saxifragaceae
Jepsonia malvifolia (Greene) Small
Saxifragaceae
Jepsonia parryi (Torr.) Small.
Scrophulariaceae
Myoporum laetum Forst. f. Ngaio.*
Scrophularia villosa Pennell
Simmondsiaceae
Simmondsia chinensis (Link) C. Schneider
Solanaceae
Datura discolor Bernh.
Datura wrightii Regel
Lycium andersonii A. Gray
Lycium brevipes Benth.
Lycium californicum Nutt.
Lycium exsertum A. Gray
Lycium fremontii A. Gray
Lycopersicon esculentum L.*
Nicotiana attenuata Torr.
Nicotiana clevelandii A. Gray
Nicotiana glauca Grah.*
Physalis crassifolia Benth.
Solanum americanum Miller*
Solanum douglasii Dunal
Solanum hindsianum Benth.
Solanum nodiflorum Jacq.*
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97Synonym: Verbena lilacina Green

NUMBER OF SPECIES

Solanum palmeri Vasey & Rose
Solanum wallacei (A. Gray) Parish
Tamaricaceae
Tamarix ramosissima Ledeb.*
Urticaceae
Hesperocnide tenella Torrey
Parietaria hespera B.D. Hinton
Urtica urens L.*
Verbenaceae
Glandularia lilacina (Greene) Umber.97
Viscaceae
Phoradendron densum Torr. ex Trel.
Zygophyllaceae
Fagonia laevis Standl.
Viscainoa geniculata (Kellogg) Greene

Family/species
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var. geniculata

ssp. clokeyi

ssp./var. and infraname
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CAT
CAT

NIC

CLE
CLE
CLE? 3
CLE
CLE
CLE

var. mucronata
ssp. triangularis
ssp. viscosa (D.C. Eaton) Yatsk.et al.

NIC

NIC

CAT

CAT
CAT

CAT
CAT
CAT

CAT

CAT
CAT

CAT

CAT
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CAT

CAT

CLE

NIC

NIC

CLE

CLE? 1

CLE

CLE

ssp. braunii (J. Milde) Hauke

ssp. affine (Engelm.) Calder
& Roy L. Taylor

var. pubescens Underw.

ssp./var. and infraname
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1Pers. com. E. Howe
2S. Ratay collection
3Pers. com. E. Howe

Equisetum laevigatum A. Braun
Equisetum telmateia Ehrh.
Polypodiaceae
Polypodium californicum Kaulf.
Polypodium scouleri Hook. & Grev.
Pteridaceae
Adiantum aleuticum (Rupr.) C.A. Paris
Adiantum capillus-veneris L.
Adiantum jordanii Müll. Hal.
Aspidotis californica (Hook.) Copel.
Cheilanthes clevelandii D.C. Eaton
Cheilanthes cooperae D.C. Eaton
Cheilanthes newberryi (D.C. Eaton) Domin
Pellaea andromedifolia (Kaulf.) Fée
Pellaea mucronata (D.C. Eaton)
D.C. Eaton
Pentagramma triangularis (Kaulf.) Yatsk.,
Windham, & E. Wollenw.
Pentagramma triangularis (Kaulf.) Yatsk.,
Windham, & E. Wollenw.
Selaginellaceae
Selaginella bigelovii Underw.

FERNS
Azollaceae
Azolla filiculoides Lam.
Blechnaceae
Woodwardia fimbriata Sm.
Dennstaedtiaceae
Pteridium aquilinum (L.) Kuhn
Dryopteridaceae
Dryopteris arguta (Kaulf.) Maxon
Polystichum munitum (Kaulf.) C. Presl
Equisetaceae
Equisetum hyemale L.

Family/species

APPENDIX 2. Plant species checklist for the 8 California Channel Islands (Anacapa [ANA], San Clemente [CLE], San Miguel [MIG], San Nicolas [NIC], Santa Barbara [BAR], Santa
Catalina [CAT], Santa Cruz [CRU], and Santa Rosa [ROS]). An ampersand (&) indicates an extirpated species; a question mark (?) indicates an unvouchered taxa; and an asterisk (*)
indicates a nonnative species.
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ssp. paludosus (A. Nelson) T. Koyama

var. lacunosum

CLE4

CAT

CAT

CAT

CAT

BAR

ROS

ROS

ROS

ROS
ROS
ROS

ROS
ROS

ROS

ROS

CAT

CAT

ssp. insularis J.R. Haller

NIC

NIC

ROS

CLE

CLE

var. muricata

var. cyclosorum Rupr.

ssp./var. and infraname
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4NY: T.S. Ross, 6137, 04 13 1992

GYMNOSPERMS
Cupressaceae
Hesperocyparis macrocarpa (Hartw.) Bartel*
Pinaceae
Pinus muricata D. Don
Pinus pinea L.*
Pinus radiata D. Don*
Pinus torreyana Parry ex Carrière
MONOCOTS
Agavaceae
Agave americana L.*
Agavaceae
Chlorogalum pomeridianum (DC.) Kunth
Alliaceae
Allium lacunosum S. Watson
Allium praecox Brandegee
Amaryllidaceae
Amaryllis belladonna L.*
Narcissus tazetta L.*
Araceae
Lemna minor L.
Zantedeschia aethiopica (L.) Spreng.*
Arecaceae
Washingtonia filifera (André) de Bary
Asparagaceae
Asparagus asparagoides (L.) Druce*
Asparagus officinalis L.*
Asphodelaceae
Asphodelus fistulosus L.*
Cyperaceae
Bolboschoenus maritimus (L.) Palla
Carex barbarae Dewey
Carex globosa Boott
Carex gracilior Mack.
Carex harfordii Mack.

Woodsiaceae
Athyrium filix-femina (L.) Roth
Cystopteris fragilis (L.) Bernh.
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ssp. ocellatum (Kellogg) Thorne

var. phaeocephalus

ssp. pacificus (Fernald & Weigand)
Piper & Beattie

ssp. leopoldii (Parl.) Snogerup
ssp. ater (Rydb.) Snogerup

var. longispicatus (Britton) S.G. Sm.

ssp./var. and infraname
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MIG
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5RSA: Mark Hoefs, Steven A. Junak, Janet Takara, M. Gay, 2384, Jul 14 1995
6SBBG: M.L. Hoefs, R.F. Thorne, 2458, Jul 26 1995
7RSA: Mark Hoefs, R.F. Thorne, Janet Takara Jul 26 1995 2482
8Synonym: Luzula comosa E. Mey.; taxonomic issues

Juncus mexicanus Willd.
Juncus patens E. Mey.
Juncus phaeocephalus Engelm.
Juncus textilis Buchenau
Juncus xiphioides E. Mey.
Luzula subsessilis (S. Watson) Buchenau8
Liliaceae
Calochortus albus (Benth.) Benth.
Calochortus catalinae S. Watson
Calochortus luteus Lindl.
Calochortus splendens Benth.
Lilium humboldtii Duch.

Carex pansa L.H. Bailey
Carex praegracilis W. Boott
Carex senta Boott
Carex subbracteata Mack.
Carex triquetra Boott
Carex tumulicola Mack.
Cyperus eragrostis Lam.
Cyperus esculentus L.
Cyperus involucratus Rottb.*
Cyperus odoratus L.*
Eleocharis macrostachya Britton
Isolepis cernua (Vahl) Roem. & Schult.
Schoenoplectus americanus
(Pers.) Schinz & R. Keller
Schoenoplectus californicus (C.A. Mey.) Soják
Schoenoplectus pungens (Vahl) Palla
Iridaceae
Sisyrinchium bellum S. Watson
Juncaceae
Juncus acutus L.
Juncus balticus Willd.
Juncus bufonius L.
Juncus effusus L.
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var. carinatus

var. gentilis (Henrard) Allred

var. scabriglumis C.S. Campb.

ssp./var. and infraname
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ROS
ROS
ROS
ROS
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9Pers. com. E. Howe
10SBBG: S.A. Junak Apr 30 1998 SCa-568
11Pers. com. E. Howe
12Synonym: Bromus trinii Desv.; Per Jepson Interchange: molecular evidence needed to resolve question of nativity
13SBBG: T.S. Ross, E. Kellogg Apr 11 1992 6122
14Synonym: Bromus mollis L.
15UCSB: Dan Hancock 03/30/1961 146

Melanthiaceae
Toxicoscordion fremontii (Torr.) Rydb.
Orchidaceae
Epipactis gigantea Hook.
Piperia cooperi (S. Watson) Rydb.
Piperia elongata Rydb.
Piperia michaelii (Greene) Rydb.
Poaceae
Aegilops cylindrica Host*
Agrostis exarata Trin.
Agrostis pallens Trin.
Agrostis stolonifera* L.
Ammophila arenaria (L.) Link*
Andropogon glomeratus (Walter) Britton et al.
Aristida adscensionis L.
Aristida ternipes Cav.
Arundo donax L.*
Avena barbata Link*
Avena fatua L.*
Avena sativa L.*
Bothriochloa barbinodis (Lag.) Herter
Brachypodium distachyon (L.) P. Beauv.*
Briza minor L.*
Bromus arizonicus (Shear) Stebbins
Bromus berteroanus Colla12
Bromus carinatus Hook. & Arn.
Bromus maritimus (Piper) Hitchc.
Bromus catharticus Vahl*
*Bromus diandrus Roth*
Bromus hordeaceus L.*14
Bromus laevipes Shear*
Bromus madritensis L.*
Bromus vulgaris (Hook.) Shear15*
Calamagrostis rubescens Buckley

Family/species
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ssp. glaucus

ssp./var. and infraname
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16CAS: Steven A. Junak 9 Nov 1990 SCI-143
17Pers. com. E. Howe
18RSA: Mark Hoefs, R.F. Thorne, Janet Takara, M. Gay Jul 27 1995 2491
19Pers. com. E. Howe
20CAS: Peter H. Raven 22 May 1962 17826
21UCD: Beecher Crampton 08 10 1968 8322
22SSBG: S.A. Junak Jun 13 1998 SCa-743
23SBBG: S.A. Junak May 14 1985 SCl-71
24SBBG: S.A. Junak, M. L. Hoefs Jun 4 1997 SCa-421

Chloris virgata Sw.*
Cortaderia selloana (Schult. & Schult. f.)
Asch. & Graebn.*
Crypsis vaginiflora (Forssk.) Opiz*
Crypsis alopecuroides (Piller & Mitterp.) Schrad.*
Cynodon dactylon (L.) Pers.*
Dactylis glomerata L.*
Danthonia californica Bol.
Deschampsia danthonioides (Trin.) Munro
Desmazeria rigida (L.) Tutin*
Digitaria sanguinalis (L.) Scop.*
Dissanthelium californicum (Nutt.) Benth.
Distichlis spicata (L.) Greene
Distichlis littoralis (Engelm.) H.L.
Bell & Columbus
Echinochloa crus-galli (L.) P. Beauv. *
Ehrharta calycina* Sm.
Ehrharta erecta Lam.*
Elymus glaucus Buckley
Elymus repens (L.) Gould*
Elymus condensatus J. Presl
Elymus pacificus Gould
Elymus triticoides Buckley
Festuca arundinacea Schreb.*
Festuca perennis (L.) Columbus & J.P. Sm.*
Festuca temulenta (L.) Columbus & J.P. Sm.*
Festuca bromoides L.*
Festuca microstachys Nutt.
Festuca myuros L.*
Festuca octoflora Walter
Gastridium phleoides (Nees & Meyen) C.E. Hubb.*
Hainardia cylindrica (Willd.) Greuter*

Family/species
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ssp. secunda

ssp. gussoneanum (Parl.) Thell.
ssp. glaucum (Steud.) Tzvelev
ssp. leporinum (Link) Arcang.

ssp. californicum (Covas & Stebbins)
Bothmer et al.

ssp./var. and infraname
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25SBBG: L.W. Nuttall May 12 1920 190
26POM: P.A. Munz Apr 8 1923 6613
27SBBG: S.A. Junak May 3 2001 SCa-1464
28SBBG: P.H. Raven May 10 1962 17738
29CAS: E.R. Blakley 7 Dec. 1963 6327
30S. Ratay collection
31SBBG: S.A. Junak, M.L. Hoefs Jun 5 1997 SCa-427
32UC: Peter H. Raven Apr 12 1962 17332
33UC: F.R. Fosberg Mar 20 1931 S4310

Hordeum depressum (Scribn. & J.G. Sm.) Rydb.
Hordeum intercedens Nevski
Hordeum marinum Huds.*
Hordeum murinum L.*
Hordeum murinum L.*
Hordeum vulgare L.*
Koeleria macrantha (Ledeb.) Schult.
Koeleria gerardii (Vill.) Shinners*
Lamarckia aurea (L.) Moench*
Melica imperfecta Trin.
Muhlenbergia appressa C.O. Goodd.
Muhlenbergia microsperma (DC.) Kunth
Parapholis incurva (L.) C.E. Hubb.*
Paspalum dilatatum Poir.*
Paspalum distichum L.
Pennisetum clandestinum Chiov.*
Pennisetum setaceum (Forssk.) Chiov.*
Phalaris aquatica L.*
Phalaris canariensis L.*
Phalaris caroliniana Walter*
Phalaris lemmonii Vasey
Phalaris minor Retz.*
Phalaris paradoxa* L.
Poa annua L.*
Poa palustris L.*
Poa howellii Vasey & Scribn.
Poa douglasii Nees
Poa secunda J. Presl
Polypogon viridis (Gouan) Breistr.*
Polypogon interruptus Kunth*

Hordeum brachyantherum Nevski

Family/species
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var. crocea

var. miliacea

ssp./var. and infraname
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34RSA: E. Kellogg Jun 12 1992 s.n.
35SBBG: S.A. Junak Mar 22 1998 SCa-512
36SD: Robert F. Thorne Sep 14, 1966 36643
37Pers. com. E. Howe
38Pers. com. E. Howe
39SBBG: P. H. Raven Jul 11 1962 18018
40UC: Carl B. Wolf May 12 1932
41Pers. com. E. Howe
42RSA: R.F. Thorne Sep 16 1966 36714

Polypogon monspeliensis (L.) Desf.*
Schismus arabicus Nees*
Schismus barbatus (L.) Thell.*
Stenotaphrum secundatum (Walter) Kuntze*
Stipa diegoensis Swallen
Stipa cernua Stebbins & Love
Stipa lepida Hitchc.
Stipa pulchra Hitchc.
Stipa miliacea (L.) Hoover*
Triticum aestivum L.*
Potamogetonaceae
Potamogeton crispus L.*
Stuckenia pectinata (L.) Börner
Ruppiaceae
Ruppia maritima L.
Themidaceae
Bloomeria crocea (Torr.) Coville
Brodiaea jolonensis Eastw.
Brodiaea kinkiensis T.F. Niehaus
Dichelostemma capitatum (Benth.) Alph. Wood
Triteleia clementina Hoover
Triteleia hyacinthina (Lindl.) Greene
Typhaceae
Typha angustifolia L.38 ?
Typha domingensis Pers.
Typha latifolia L.
Zannichelliaceae
Zannichellia palustris L.
Zosteraceae
Phyllospadix scouleri Hook.
Phyllospadix torreyi S. Watson
Zostera marina L.
Zostera pacifica S. Watson

Family/species
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ssp. caerulea (Raf.) Bolli

ssp./var. and infraname
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43RSA: M.B. Dunkle Aug 20 1940 7671
44RSA: P.H. Raven Jul 12 1962 18045
45POM: F.R. Fosberg, 4732, Apr 29 1931
46SBBG: S.A. Junak Aug 26 1997 SCl-936
47Pers. com. E. Howe

BASAL DICOTS
Saururaceae
Anemopsis californica (Nutt.) Hook. & Arn.
EUDICOTS
Adoxaceae
Sambucus nigra L.
Aizoaceae
Carpobrotus chilensis (Molina) N.E. Br.*
Carpobrotus edulis* (L.) N.E. Br.
Delosperma litorale* (Kensit) L. Bolus
Malephora crocea* (Jacq.) Schwantes
Mesembryanthemum crystallinum L.*
Mesembryanthemum nodiflorum L.*
Sesuvium verrucosum Raf.
Tetragonia tetragonioides (Pall.) Kuntze*
Amaranthaceae
Amaranthus albus L.*
Amaranthus blitoides S. Watson
Amaranthus deflexus L.*
Amaranthus powellii S. Watson
Malosma laurina (Nutt.) Abrams
Rhus integrifolia (Nutt.) Rothr.
Rhus ovata S. Watson
Schinus molle L.*
Toxicodendron diversilobum (Torr. & A. Gray) Greene
Apiaceae
Apiastrum angustifolium Nutt.
Apium graveolens L.*
Berula erecta (Huds.) Coville
Bowlesia incana Ruiz & Pav.
Conium maculatum L.*
Daucus carota L.*
Daucus pusillus Michx.
Foeniculum vulgare Mill.*
Lomatium caruifolium (Hook. & Arn.)
J.M. Coult. & Rose

Family/species
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48Pers. com. E. Howe
49POM: P.A. Munz Apr 9 1923 6652
50UCD: Robert F. Thorne 04 28 1966 36224
51CAS: Tim Ross, J. Takara, Stacey Otte 24 April 1993 6946
52Synonym: Baccharis douglasii DC.
53DS: Ira L. Wiggins Feb. 22, 1949 11961

Lomatium insulare (Eastw.) Munz
Sanicula arguta J.M. Coult. & Rose
Sanicula crassicaulis DC.
Sanicula hoffmannii (Munz) R.H.
Shan & Constance
Torilis arvensis (Huds.) Link*
Torilis nodosa (L.) Gaertn.*
Yabea microcarpa (Hook. & Arn.) Koso-Pol.
Apocynaceae
Asclepias fascicularis Decne.
Funastrum cynanchoides (Decne.) Schltr.
Vinca major L.*
Asteraceae Achillea millefolium L.
Achyrachaena mollis Schauer
Acourtia microcephala DC.
Agoseris apargioides (Less.) Greene
Agoseris grandiflora (Nutt.) Greene
Agoseris heterophylla (Nutt.) Greene
Amblyopappus pusillus Hook. & Arn.
Ambrosia chamissonis (Less.) Greene
Ambrosia psilostachya DC.
Anthemis cotula L.*
Arctium minus (Hill) Bernh.*
Argyranthemum frutescens (L.) Sch. Bip.*
Artemisia californica Less.
Artemisia douglasiana Besser
Artemisia dracunculus L.
Artemisia nesiotica P.H. Raven
Baccharis glutinosa Pers.52
Baccharis salicina Torr. & A. Gray
Baccharis pilularis DC.
Baccharis plummerae A. Gray

Family/species
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ssp. plummerae

var. apargioides

var. hartwegii (Vail) Krings

ssp./var. and infraname
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54SD: Peter H. Raven May 08, 1962 17629
55HSC: James Henrickson Jan 1973 8113
56Pers. com. E. Howe
57CAS: Steven A. Junak 2 Oct 1996 SCI- 703
58SBBG: S.A. Junak, M.L. Hoefs, R.N. Philbrick, SCa-1532, May 18 2001
59RSA: R.F. Thorne, 37492, Apr 28 1968, suspected incorrect georeferencing
60RSA:Mark Hoefs, 309, Jun 4 1973
61SD: Robert F. Thorne, P. Everett Jun 23, 1965 35015
62SBBG: T. Ross, O. Mistretta, M. Hammitt May 20 1991 5325
63UCR: Steve Boyd, T.S. Ross, Laurel Arnseth Apr 7 1990 4271
64UCR: F.R. Fosberg Apr 29 1931 S-4709
65SBBG: E.R. Blakley Sep 23 1961 4740
66SBBG: S.A. Junak Feb 25 1997 SCl-724
67Pers. com. E. Howe
68SBBG: S.A. Junak, M.L. Hoefs, K. Kirkland

Cirsium occidentale (Nutt.) Jeps.
Cirsium occidentale (Nutt.) Jeps.
Cirsium occidentale (Nutt.) Jeps.
Cirsium ochrocentrum A. Gray*
Cirsium vulgare (Savi) Ten.*
Constancea nevinii (A. Gray) B.G.Baldwin
Corethrogyne filaginifolia (Hook. & Arn.) Nutt.
Cotula australis (Spreng.) Hook. f.*
Cotula coronopifolia L.*
Cynara cardunculus L.*

Baccharis salicifolia (Ruiz & Pav.) Pers.
Baccharis sarothroides A. Gray
Bahiopsis laciniata (A. Gray) E.E.
Schilling & Panero56 ?
Blennosperma nanum (Hook.) S.F. Blake
Brickellia californica (Torr. & A. Gray) A. Gray
Calendula officinalis L.*
Carduus pycnocephalus L.*
Centaurea melitensis L.*
Centaurea solstitialis L.*
Centaurea benedicta (L.) L.*
Centromadia pungens (Hook. & Arn.) Greene
Centromadia fitchii (A. Gray) Greene
Chaenactis glabriuscula
Cichorium intybus L.*
Cirsium brevistylum Cronquist
Cirsium occidentale (Nutt.) Jeps.

Family/species
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var. californicum (A. Gray)
D.J. Keil & C.E. Turner
var. coulteri
var. occidentale
var. venustum (Greene)

var. lanosa (DC.) H.M. Hall

var. nanum

ssp./var. and infraname
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69SBBG: S.A. Junak, SCl-681, Sep 29 1996
70POM: F.R. Fosberg, 5364, Jul 10 1931
71SBBG: S.A. Junak Oct 28 1997 SCl-981
72SBBG: S.A. Junak, K. Kirkland, M. Bushman Oct 21 1998 SCa-813
73RSA: Mark Hoefs, D. Propst Mar 14 1973 119
74Synonym: Chrysanthemum coronarium L.
75UC: R.M. Beauchamp and H.A. Wier Jun 29 1978
76CAS: Steven A. Junak 16 May 1996 SCI-470
77DS: A.J. McClatchie Sept. 1893 s.n.
78SBBG: H.L. Ferguson, R.M. Beauchamp Sep 15 1979 14
79POM: L.W. Nuttall, s.n., May 22 1920
80SBBG: S.A. Junak Mar 13 1997 SCl-784

Deinandra clementina (Brandegee) B.G. Baldwin
Deinandra fasciculata (DC.) Greene
Deinandra increscens (D.D. Keck) B.G. Baldwin
Delairea odorata Lem.*
Encelia californica Nutt.
Ericameria ericoides (Less.) Jeps.
Ericameria palmeri (A. Gray) H.M. Hall
Erigeron bonariensis L.*
Erigeron canadensis L.
Erigeron foliosus Nutt.
Erigeron glaucus Ker Gawl.
Erigeron sanctarum S. Watson
Eriophyllum confertiflorum (DC.) A. Gray
Eriophyllum staechadifolium Lag.
Eurybia radulina (A. Gray) G.L. Nesom
Euthamia occidentalis Nutt.
Gamochaeta ustulata (Nutt.) Holub
Glebionis coronaria (L.) Spach*74
Gnaphalium palustre Nutt.
Grindelia camporum Greene
Grindelia hirsutula Hook. & Arn.
Grindelia stricta DC.
Hazardia cana (A. Gray) Greene
Hazardia detonsa (Greene) Greene
Hazardia squarrosa (Hook. & Arn.) Greene
Hedypnois cretica (L.) Dum. Cours.*
Helenium puberulum DC.
Helianthus annuus L.*
Helminthotheca echioides (L.) Holub*
Hesperevax sparsiflora (A. Gray) Greene

Family/species
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var. grindelioides (DC.) W.D. Clark

var. platyphylla (Greene) M.A. Lane

var. confertiflorum

var. foliosus

var. pachylepis (H.M. Hall) G.L. Nesom

ssp. increscens

ssp./var. and infraname
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APPENDIX 2. Continued

ssp. crispifolia W.S. Davis
ssp. foliosa
ssp. philbrickii W.S. Davis
ssp. polycephala W.S. Davis

ssp. coulteri (A. Gray) Ornduff

var. decumbens (Greene) G.L. Nesom
var. menziesii
var. sedoides (Greene) G.L. Nesom
var. vernonioides (Nutt.) G.L. Nesom

ssp./var. and infraname
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81Collections of this taxa have been made on Catalina, but there are taxonomic issues
82UC: T.S. Brandegee Aug 25 1894
83SD: E.R. Blakley Sep 24, 1961 4781
84UC: F.R. Fosberg Apr 29 1931 S4707
85SBBG: S.A. Junak, K. Kirkland Jul 17 1998 SCa-777
86RSA: Steven A. Junak Oct 2 1996 SCI700
87SBBG: S.A. Junak Sep 28 1996 SCl-673
88SBBG: S.A. Junak May 15 1985 SCl-74

Heterotheca grandiflora Nutt.
Hieracium argutum Nutt.
Hypochaeris glabra L.*
Hypochaeris radicata L.*
Isocoma menziesii (Hook. & Arn.) G.L. Nesom
Isocoma menziesii (Hook. & Arn.) G.L. Nesom
Isocoma menziesii (Hook. & Arn.) G.L. Nesom
Isocoma menziesii (Hook. & Arn.) G.L. Nesom
Jaumea carnosa (Less.) A. Gray
Lactuca saligna L.*
Lactuca serriola L.*
Laennecia coulteri (A. Gray) G.L. Nesom
Lasthenia californica Lindl.
Lasthenia glabrata Lindl.
Lasthenia gracilis (DC.) Greene
Layia platyglossa (Fisch. & C.A. Mey.) A. Gray
Lepidospartum squamatum (A. Gray) A. Gray
Leptosyne gigantea Kellogg
Logfia arizonica (A. Gray) Holub
Logfia filaginoides (Hook. & Arn.) Morefield
Logfia gallica (L.) Coss. & Germ.*
Madia exigua (Sm.) A. Gray
Madia gracilis (Sm.) Applegate
Madia sativa Molina*
Malacothrix clevelandii A. Gray
Malacothrix coulteri Harv. & A. Gray
Malacothrix foliosa A. Gray
Malacothrix foliosa A. Gray
Malacothrix foliosa A. Gray
Malacothrix foliosa A. Gray
Malacothrix incana (Nutt.) Torr. & A. Gray
Malacothrix indecora Greene
Malacothrix junakii W.S. Davis
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CAT
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var. douglasii (DC.) B.L.
Turner & T.M. Barkley
A. Gray
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CAT
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NIC
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CLE96
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CLE
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CLE89

CLE

var. brevissimus

var. californicus
ssp. douglasii
ssp. tenella (A. Gray)
K.L. Chambers
ssp. platycarpha (A. Gray)
K.L. Chambers

var. implicata (Eastw.) H.M. Hall
var. tenuifolia (Nutt.) A. Gray

ssp./var. and infraname
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ROS

ROS
ROS

ROS
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ROS
ROS
ROS
ROS

BAR93
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ROS
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89RSA: Steven A. Junak, Mary C. Hochberg, H.L. Ferguson Jul 28 1981 sci13
90SD: Robert F. Thorne Apr 29, 1966 36278
91SBBG: R.F. Thorne Apr 29 1966 36290
92RSA: Tim Ross, Janet Takara, S. Otte Apr 24 1993 6957
93NPS Park flora checklist
94UC: Tim Ross Apr 16 1992 6207
95SDSU: R. M. Beauchamp March 19, 1967 315
96RSA: Tim Ross, Orlando Mistretta, Mike Hammitt May 18 1991 5184

Senecio lyonii

Microseris elegans A. Gray
Munzothamnus blairii (Munz & I.M. Johnst.) P.H. Raven
Pentachaeta lyonii A. Gray
Perityle emoryi Torr.
Pluchea odorata (L.) Cass.
Pluchea sericea (Nutt.) Coville
Pseudognaphalium biolettii Anderb.
Pseudognaphalium californicum (DC.) Anderb.
Pseudognaphalium beneolens (Davidson) Anderb.
Pseudognaphalium microcephalum (Nutt.) Anderb.
Pseudognaphalium luteoalbum (L.) Hilliard & B.L. Burtt*
Pseudognaphalium ramosissimum (Nutt.) Anderb.
Pseudognaphalium stramineum (Kunth) Anderb.
Psilocarphus brevissimus Nutt.
Psilocarphus tenellus Nutt.
Rafinesquia californica Nutt.
Senecio glomeratus Poir.*
Senecio aphanactis Greene
Senecio flaccidus Less.

Microseris douglasii (DC.) Sch. Bip.

Malacothrix saxatilis (Nutt.) Torr. & A. Gray
Malacothrix saxatilis (Nutt.) Torr. & A. Gray*
Malacothrix similis W.S. Davis & P.H. Raven
Malacothrix squalida Greene
Matricaria occidentalis Greene
Matricaria discoidea DC.*
Micropus californicus Fisch. & C.A. Mey.
Microseris douglasii (DC.) Sch. Bip.
Microseris douglasii (DC.) Sch. Bip.
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var. spectabilis
var. intermedia

ssp. insularis Munz

ssp. coronaria (Greene) Gottlieb
ssp. virgata

ssp. californica (Nutt.) Semple

ssp./var. and infraname

CAT

BAR
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BAR&

CAT
CAT

NIC

CAT
CAT
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ROS

ROS

ROS

CRU
CRU
CRU

CRU
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ROS
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97SBBG: R.N. Philbrick Mar 18 1968 B68-20
98Synonym: Microseris heterocarpa (Nutt.) K.L. Chambers
99RSA: F.R. Fosberg, 4460, Apr 3 1931
100RSA: Orlando Mistretta Apr 5 1992 206
101SD: Robert F. Thorne Sep 15, 1966 36698
102SD: Robert F. Thorne, P. Everett, 36823, Apr 18, 1967
103SBBG: M.L. Hoefs, R.F. Thorne Apr 6 1996 2665
104Synonym: Microseris linearifolia (DC.) Sch. Bip.
105Native status on islands unknown
106Native status on islands unknown
107UCR: J.R. Ekhoff May 16 2001 s.n.

Senecio vulgaris L.*
Silybum marianum (L.) Gaertn.*
Solidago velutina DC.
Sonchus asper (L.) Hill*
Sonchus oleraceus L.*
Sonchus tenerrimus L.*
Stebbinsoseris heterocarpa (Nutt.) K.L. Chambers98
Stephanomeria cichoriacea A. Gray
Stephanomeria diegensis Gottlieb
Stephanomeria exigua Benth.
Stephanomeria virgata Benth.
Stylocline gnaphaloides Nutt.
Symphyotrichum chilense (Nees) G.L. Nesom
Symphyotrichum subulatum (Michx.) G.L. Nesom
Taraxacum erythrospermum Besser*
Taraxacum officinale F.H. Wigg;*
Thelesperma megapotamicum (Spreng.) Kuntze*
Tragopogon porrifolius L.*
Uropappus lindleyi (DC.) Nutt.104
Venegasia carpesioides DC.
Xanthium spinosum L.105
Xanthium strumarium L.106
Bataceae
Batis maritima L.
Berberidaceae
Berberis pinnata Lag.
Boraginaceae
Amsinckia intermedia Fisch. & C.A. Mey.
Amsinckia menziesii (Lehm.) A. Nelson & J.F. Macbr.
Amsinckia spectabilis Fisch. & C.A. Mey.
Cryptantha intermedia (A. Gray) Greene
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var. auritum

var. insularis

CLE

var. hispida J.T. Howell
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CAT108
CAT
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NIC
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BAR

CAT
CAT

NIC

CLE

CLE

ssp. ferocula (I.M. Johnst.) Thorne

var. oculatum (A. Heller)
I.M. Johnst. ex Tidestr.

var. penduliflora
ssp. traskiae
var. chrysanthemifolia

ssp./var. and infraname

ROS

ROS
ROS

ROS
ROS

ROS

ROS
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ROS

ROS

ROS

ROS
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ROS
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108UC: T.S. Brandegee May 20 1890
109SD: R. Mitchel Beauchamp, M. Douglas Mar 24, 1972 3222
110UC: Michael G. Simpson, Lori L. Simpson April 21 2012 3682
111RSA: E. Kellogg Jun 28 1992 s.n.
112SBBG: S.A. Junak Mar 7 1997 SCl-732
113Synonym: Phacelia cicutaria Greene var. hubbyi (J.F. Macbr.) J.T. Howell
114In Wallace 1985 but not NPS list
115UCR: T.S. Ross Apr 22 1993 6895

Nama stenocarpum A. Gray
Nemophila menziesii Hook. & Arn.
Nemophila pedunculata Benth.
Pectocarya linearis (Ruiz & Pav.) DC.
Pectocarya penicillata (Hook. & Arn.) A. DC.
Phacelia cicutaria Greene
Phacelia hubbyi (J.F. Macbr.) L.M. Garrison113
Phacelia distans Benth.
Phacelia floribunda Greene
Phacelia grandiflora (Benth.) A. Gray
Phacelia insularis Munz
Phacelia lyonii A. Gray
Phacelia ramosissima Douglas ex Lehm.
Phacelia viscida (Lindl.) Torr.
Pholistoma auritum (Lindl.) Lilja
Pholistoma racemosum (A. Gray) Constance
Plagiobothrys acanthocarpus (Piper) I.M. Johnst.
Plagiobothrys canescens Benth.

Cryptantha clevelandii Greene
Cryptantha leiocarpa (Fisch. & C.A. Mey.) Greene
Cryptantha maritima (Greene) Greene
Cryptantha micromeres (A. Gray) Greene
Cryptantha microstachys (A. Gray) Greene
Cryptantha muricata (Hook. & Arn.)
A. Nelson & J.F. Macbr.
Cryptantha traskiae I.M. Johnst.
Cryptantha wigginsii I.M. Johnst.
Emmenanthe penduliflora Benth.
Eriodictyon traskiae Eastw.
Eucrypta chrysanthemifolia (Benth.) Greene
Harpagonella palmeri A. Gray
Heliotropium curassavicum L.
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ssp. menziesii (DC.) Thell.

var. gracilis (I.M. Johnst.) Higgins
var. californicus (A. Gray) Higgins

ssp./var. and infraname
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CLE
CLE

CLE
CLE

CLE

CAT
CAT
CAT
CAT
CAT
CAT123
CAT
CAT
CAT

CAT

CAT

CAT
CAT
CAT120
CAT

CAT
CAT
CAT

CAT

CAT

CLE
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116POM: P.A. Munz Apr 10 1923 6705
117RSA: R.F. Thorne, R.C. Rollins, D. Propst, R. Carolin, 36761, Mar 19 1967
118UC: T.S. Brandegee, Apr 1888
119Synonym: Guillenia lasiophylla (Hook. & Arn.) Greene
120No specimens in CCH, extirpated from Catalina? per: http://www.rareplants.cnps.org/detail/571.html
121Synonym: Brassica geniculata (Desf.) Benth.
122Pers. com. E. Howe
123SBBG: S.A. Junak, M.L. Hoefs, J. Takara Mar 28 1997 SCa-388
124Synonyms: Lepidium virginicum var. pubescens (Greene) Thell.; Lepidium virginicum var. robinsonii (Thell.) C.L. Hitchc.
125SBBG: S.A. Junak, M.C. Hochberg, H. Ferguson Jul 28 1981 SCl-17
126Native status on islands unknown, doubtful

Plagiobothrys collinus (Phil.) I.M. Johnst.
Plagiobothrys collinus (Phil.) I.M. Johnst.
Brassicaceae
Athysanus pusillus (Hook.) Greene
Boechera hoffmannii (Munz) Al-Shehbaz
Brassica nigra (L.) W.D.J. Koch*
Brassica tournefortii Gouan*
Brassica rapa L.*
Cakile edentula (Bigelow) Hook.*
Cakile maritima Scop.*
Capsella bursa-pastoris (L.) Medik.*
Cardamine californica (Nutt.) Greene
Cardamine oligosperma Nutt.
Caulanthus lasiophyllus (Hook. & Arn.) Payson119
Descurainia pinnata (Walter) Britton
Dithyrea maritima (Davidson) Davidson
Draba cuneifolia Nutt. ex Torr. & A. Gray
Erysimum ammophilum A. Heller
Erysimum cheiri (L.) Crantz*
Erysimum insulare Greene
Hirschfeldia incana (L.) Lagr.-Fossat121*
Hornungia procumbens (L.) Hayek
Lepidium draba L.*
Lepidium lasiocarpum Nutt.
Lepidium latipes Hook.
Lepidium nitidum Nutt.
Lepidium oblongum Small
Lepidium strictum (S. Watson) Rattan*
Lepidium virginicum L.124*
Lobularia maritima (L.) Desv.*
Nasturtium officinale W.T. Aiton126
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var. cinerea (DC.) Loret & Barrandon

ssp. diffusa

ssp./var. and infraname

CLE
CLE

CLE
CLE

CLE

NIC
NIC

CAT
CAT

ROS

CRU
CRU

CRU

ROS
ROS
ROS

CRU

ROS
ROS

CAT
CAT

CAT
CAT132

CRU
CRU
CRU
CRU

CRU
CRU

CRU
CRU
CRU
CRU

CRU

CRU
CRU
CRU

CRU

CRU
CRU
CRU
CRU

CRU

ROS

BAR

ROS
ROS

BAR
BAR

ROS

ROS

ROS

ROS
ROS

ROS

BAR

BAR

CAT

CAT

CAT
CAT
CAT
CAT
CAT

CLE
CLE
CLE
CLE
CLE
NIC
NIC
NIC
NIC

CAT
CAT
CAT

NIC

CLE130
CLE131
CLE
CLE

CAT
CAT
CAT

NIC

CLE

CAT
CAT
CAT
CAT
CAT

NIC

CLE
CLE
NIC
CLE127
CLE? 129

CLE

ANA

ANA
ANA
ANA
ANA

ANA

ANA

ANA

MIG

MIG
MIG

MIG

MIG
MIG

MIG

MIG

MIG

MONOGRAPHS OF THE WESTERN NORTH AMERICAN NATURALIST

127RSA: Orlando Mistretta Apr 5 1992 142
128Synonym: Brassica kaber (DC.) L.C. Wheeler
129Pers. com. E. Howe
130SBBG: S.A. Junak May 29 1996 SCl-545
131UC: Tim Ross Apr 14 1992 6153
132SBBG: S.A. Junak Mar 27 1997 SCa-346

Raphanus raphanistrum L.*
Raphanus sativus L.*
Sibara filifolia (Greene) Greene
Sinapis arvensis L.128*
Sisymbrium altissimum L.*
Sisymbrium irio L.*
Sisymbrium officinale (L.) Scop.*
Sisymbrium orientale L.*
Thysanocarpus conchuliferus Greene
Thysanocarpus curvipes Hook.
Thysanocarpus laciniatus Nutt.
Tropidocarpum gracile Hook.
Turritis glabra L.
Cactaceae
Bergerocactus emoryi (Engelm.) Britton & Rose
Cylindropuntia prolifera (Engelm.) F.M. Knuth
Opuntia ficus-indica (L.) Mill.*
Opuntia littoralis (Engelm.) Cockerell
Opuntia oricola Philbrick
Campanulaceae
Githopsis diffusa A. Gray
Triodanis biflora (Ruiz & Pav.) Greene
Caprifoliaceae
Lonicera hispidula (Lindl.) Torr. & A. Gray
Lonicera interrupta Benth.
Lonicera subspicata Hook. & Arn.
Symphoricarpos mollis Nutt.
Caryophyllaceae
Cardionema ramosissimum (Weinm.) A. Nelson
& J.F. Macbr.
Cerastium glomeratum Thuill.*
Herniaria hirsuta L.*
Loeflingia squarrosa Nutt.
Minuartia douglasii (Torr. & A. Gray) Mattf.
Polycarpon depressum Nutt.
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ssp. maritima (L.) Arcang.

var. davidsonii (Standl.) Munz
var. serenana

(S. Watson) H.M. Hall & Clem.

var. canescens

ssp. expansa (S. Watson)
S.L. Welsh & Reveal

ssp. macrotheca

ssp. laciniata

ssp. occidentalis (S. Watson) G.E. Crow

ssp./var. and infraname
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133RSA: Blanche Trask Mar 1901 s.n.

Atriplex californica Moq.
Atriplex canescens (Pursh) Nutt.*
Atriplex coulteri (Moq.) D. Dietr.
Atriplex lentiformis (Torr.) S. Watson
Atriplex leucophylla (Moq.) D. Dietr.
Atriplex pacifica A. Nelson
Atriplex semibaccata R. Br.*
Atriplex serenana Abrams
Atriplex serenana Abrams
Atriplex prostrata DC.*
Atriplex watsonii Abrams
Bassia hyssopifolia (Pall.) Kuntze*
Beta vulgaris L.*
Chenopodium berlandieri Moq.
Chenopodium californicum (S. Watson) S. Watson
Chenopodium murale L.*
Dysphania ambrosioides (L.) Mosyakin & Clemants*
Dysphania multifida (L.) Mosyakin & Clemants*
Monolepis nuttalliana (Schult.) Greene
Salicornia depressa Standl.
Salicornia pacifica Standl.

Polycarpon tetraphyllum (L.) L.*
Sagina apetala Ard.
Sagina decumbens (Elliott) Torr. & A. Gray
Silene antirrhina L.
Silene gallica L.*
Silene laciniata Cav.
Silene coniflora Otth
Spergula arvensis L.*
Spergularia bocconi (Scheele) Graebn.*
Spergularia macrotheca (Cham. & Schltdl.) Heynh.
Spergularia marina (L.) Besser
Spergularia villosa (Pers.) Cambess.*
Stellaria media (L.) Vill.*
Stellaria nitens Nutt.
Aphanisma blitoides Moq.
Arthrocnemum subterminale (Parish) Standl.
Atriplex argentea Nutt.
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ssp. blochmaniae
ssp. insularis (Moran) Moran

var. pacifica

ssp. amplissima Brummitt
ssp. cyclostegia (House) Brummitt
ssp. intermedia (Abrams) Brummitt
ssp. macrostegia
ssp. pedicellata (Jeps.) Munz

ssp./var. and infraname
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CRU
CRU
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134Synonym: Salsola tragus L.
135SBBG: S.A. Junak Oct 22 1998 SCa-823
136Pers. com. E. Howe
137SBBG: M.R. Benedict Sep 30 1969
138RSA: George B. Grant 4541

Salsola australis R. Br.134*
Suaeda calceoliformis (Hook.) Moq.
Suaeda taxifolia (Standl.) Standl.
Cistaceae
Helianthemum greenei B.L. Rob.
Helianthemum scoparium Nutt.
Cleomaceae
Peritoma arborea (Nutt.) H.H. Iltis
Convolvulaceae
Calystegia macrostegia (Greene) Brummitt
Calystegia macrostegia (Greene) Brummitt
Calystegia macrostegia (Greene) Brummitt
Calystegia macrostegia (Greene) Brummitt
Calystegia malacophylla (Greene) Munz*
Calystegia soldanella (L.) R. Br.*
Convolvulus arvensis L.*
Convolvulus simulans L.M. Perry
Cressa truxillensis Kunth
Cuscuta californica Hook. & Arn.
Cuscuta campestris Yunck.
Cuscuta occidentalis Millsp.
Cuscuta pacifica Costea & M. Wright
Dichondra occidentalis House
Ipomoea cairica (L.) Sweet*
Cornaceae
Cornus glabrata Benth.
Crassulaceae
Crassula aquatica (L.) Schönl.
Crassula connata (Ruiz & Pav.) A. Berger
Crassula ovata (Mill.) Druce*
Dudleya blochmaniae (Eastw.) Moran
Dudleya blochmaniae (Eastw.) Moran
Dudleya caespitosa (Haw.) Britton & Rose
Dudleya candelabrum Rose
Dudleya greenei Rose
Dudleya gnoma S.W. McCabe
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ssp. planifolia (Jeps.) G.D. Wallace
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CLE139 NIC140
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ssp. insulicola (P.V. Wells) V.T. Parker et al.
ssp. subcordata (Eastw.) V.T. Parker et al.

ssp. hassei (Rose) Moran
ssp. insularis
ssp. virens

ssp./var. and infraname

CRU

CRU
CRU

CRU

CRU

CRU
CRU
CRU
CRU
CRU
CRU

CRU

CRU
CRU
CRU

CRU

CRU

ANA

ANA

ANA

ANA

MIG142
MIG

MIG

CALIFORNIA ISLAND PLANT DISTRIBUTION PATTERNS

139RSA: F.H. Elmore Feb 19 1939 422
140SBBG: M.B. Dunkle Jul 26 1939 8359
141SD: Darley F. Howe Feb 24, 1968 4486
142SBBG: M.B. Dunkle Jul 31 1939 8402
143RSA: Steven A. Junak Nov 9 1990 SCI144
144Pers. com. E. Howe

Dudleya nesiotica (Moran) Moran
Dudleya traskiae (Rose) Moran
Dudleya virens (Rose) Moran
Dudleya virens (Rose) Moran
Dudleya virens (Rose) Moran
Crossosomataceae
Crossosoma californicum Nutt.
Cucurbitaceae
Cucurbita foetidissima Kunth
Marah fabacea (Naudin) Greene
Marah macrocarpa (Greene) Greene
Ericaceae
Arbutus menziesii Pursh
Arctostaphylos catalinae P.V. Wells
Arctostaphylos confertiflora Eastw.
Arctostaphylos insularis Parry
Arctostaphylos crustacea Eastw.
Arctostaphylos crustacea Eastw.
Arctostaphylos viridissima (Eastw.) McMinn
Comarostaphylis diversifolia (Parry) Greene
Vaccinium ovatum Pursh
Xylococcus bicolor Nutt.
Euphorbiaceae
Chamaesyce maculata (L.) Small*
Chamaesyce serpens (Kunth) Small*
Chamaesyce serpyllifolia (Pers.) Small
Croton setigerus Hook.
Euphorbia crenulata Engelm.
Euphorbia misera Benth.
Euphorbia peplus L.*
Euphorbia spathulata Lam.
Ricinus communis L.*
Stillingia linearifolia S. Watson
Fabaceae
Acacia cyclops G. Don*

Family/species
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var. lonchus (M.E. Jones) Barneby
var. trichopodus

var. didymocarpus

var. maritimus

var. dendroideus
var. veatchii (Greene) Brouillet
var. traskiae (Abrams) Brouillet
var. grandiflorus

var. americanus
var. adsurgens (Dunkle)
var. argenteus (Dunkle)
var. niveus (Greene)

ssp./var. and infraname

CLE
CLE

CLE

CLE

CLE

CLE

CLE

CLE
CLE

CLE

NIC

NIC

NIC

NIC

NIC

CAT

CAT
CAT
CAT153
CAT
CAT
CAT

CAT
CAT

CAT
CAT

CAT
CAT
CAT
CAT

CAT
CAT

CAT

CAT
CAT

CAT

BAR

BAR

BAR

ROS

ROS

ROS
ROS

ROS
ROS

ROS
ROS

ROS

ROS

ROS146

ROS

CRU

CRU
CRU
CRU

CRU

CRU
CRU
CRU
CRU
CRU

CRU

CRU

CRU

CRU
CRU
CRU

CRU

ANA

ANA

ANA

ANA
ANA

ANA

ANA

ANA

MIG

MIG
MIG

MIG
MIG

MIG

MIG

MIG147

MIG
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145Synonym: Lotus purshianus Clem. & E.G. Clem.
146CAS: L.R. Abrams, I.L. Wiggins 30 June, 1931 239
147DS: E.R. Blakley 3 April 1962 5081
148Synonym: Lotus humistratus Greene; Wallace listed L. humistratus on Cruz, but NPS Park Flora did not
149Synonym: Lotus salsuginosus Greene
150Synonym: Lotus hamatus Greene
151Synonym: Lotus micranthus Benth.
152Synonym: Lotus wrangelianus Fisch. & C.A. Mey.; Lotus subpinnatus Lag., misappl.
153RSA: Tim Ross Apr 23 1993 6934

Acacia decurrens Willd.*
Acacia dealbata Link*
Acacia melanoxylon R. Br.*
Acmispon americanus (Nutt.) Rydb.145
Acmispon argophyllus (A. Gray) Brouillet
Acmispon argophyllus (A. Gray) Brouillet
Acmispon argophyllus (A. Gray) Brouillet
Acmispon brachycarpus (Benth.) D.D. Sokoloff 148
Acmispon dendroideus (Greene) Brouillet
Acmispon dendroideus (Greene) Brouillet
Acmispon dendroideus (Greene) Brouillet
Acmispon grandiflorus (Benth.) Brouillet
Acmispon heermannii (Durand & Hilg.) Brouillet
Acmispon maritimus (Nutt.) D.D. Sokoloff 149
Acmispon micranthus (Torr. & A. Gray) Brouillet150
Acmispon parviflorus (Benth.) D.D. Sokoloff151
Acmispon strigosus (Nutt.) Brouillet
Acmispon wrangelianus (Fisch. & C.A. Mey.)
D.D. Sokoloff 152
Albizia lophantha (Willd.) Benth.*
Astragalus curtipes A. Gray
Astragalus didymocarpus Hook. & Arn.
Astragalus gambelianus E. Sheld.
Astragalus miguelensis Greene
Astragalus nevinii A. Gray
Astragalus traskiae Eastw.
Astragalus trichopodus (Nutt.) A. Gray
Astragalus trichopodus (Nutt.) A. Gray
Caesalpinia spinosa (Molina) Kuntze*
Coronilla valentina L.*
Genista linifolia L.*
Genista monspessulana (L.) L.A.S. Johnson*
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var. amplectens (Torr. & A. Gray) McDermott
var. truncatum (Greene) Isely

var. montana

var. douglasii (J. Agardh) C.P. Sm.

var. alefeldii (T.G. White) Isley
var. vestitus

ssp./var. and infraname

CLE

CLE

CLE
CLE
CLE
CLE
CLE

NIC
NIC
NIC

NIC

NIC

NIC
NIC
NIC156

NIC
NIC
NIC
NIC

CLE
CLE
CLE
CLE

CAT
CAT
CAT
CAT
CAT

CAT
CAT
CAT
CAT
CAT

CAT
CAT

CAT
CAT
CAT
CAT

CAT
CAT

NIC

CLE
CLE

CAT

CAT

CAT
CAT
CAT
CAT
CAT

CAT

CAT

NIC

NIC

NIC

CLE155
CLE
CLE

CLE

CLE

CLE154

CLE

BAR

BAR

ROS

BAR

ROS
ROS

ROS
ROS
ROS

ROS
ROS
ROS

ROS
ROS

ROS
ROS
ROS
ROS

ROS
ROS
ROS
ROS
ROS

ROS

ROS

BAR

BAR

CRU
CRU

CRU
CRU
CRU

CRU

CRU
CRU
CRU
CRU
CRU
CRU
CRU
CRU
CRU

CRU
CRU
CRU
CRU

CRU

CRU
CRU
CRU
CRU
CRU

CRU

ANA

ANA

ANA
ANA
ANA

ANA
ANA
ANA
ANA

ANA
ANA

ANA

ANA

ANA

ANA

ANA

MIG

MIG
MIG
MIG

MIG

MIG

MIG
MIG
MIG

MIG
MIG

MIG
MIG
MIG
MIG

MIG
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154SD: Steven A. Junak May 19, 1997 SCl877
155SBBG: M.R. Benedict Jun 26 1971
156JEPS93564 (SN-846) det. var. dichotomum (= T. dichotomum in TJM2) by Michael Vincent in 2005.

Lathyrus odoratus L.*
Lathyrus tingitanus L.*
Lathyrus vestitus Nutt.
Lathyrus vestitus Nutt.
Lotus corniculatus L.*
Lupinus albifrons Benth.
Lupinus arboreus Sims
Lupinus bicolor Lindl.
Lupinus chamissonis Eschsch.
Lupinus concinnus J. Agardh
Lupinus guadalupensis Greene
Lupinus hirsutissimus Benth.
Lupinus microcarpus Sims
Lupinus succulentus K. Koch
Lupinus truncatus Nutt.
Lupinus variicolor Steud.
Medicago polymorpha L.*
Medicago sativa L.*
Melilotus albus Medik.*
Melilotus indicus (L.) All.*
Pickeringia montana Nutt.
Pisum sativum L.*
Robinia pseudoacacia L.*
Spartium junceum L.*
Trifolium albopurpureum Torr. & A. Gray
Trifolium barbigerum Torr.
Trifolium ciliolatum Benth.
Trifolium depauperatum Desv.
Trifolium depauperatum Desv.
Trifolium fucatum Lindl.
Trifolium gracilentum Torr. & A. Gray
Trifolium hirtum All.
Trifolium macraei Hook. & Arn.
Trifolium microcephalum Pursh
Trifolium microdon Hook. & Arn.
Trifolium palmeri S. Watson
Trifolium repens L.*
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157RSA: P.H. Raven May 8 1962 17614
158UC: F.R. Fosberg Mar 25 1931 s4367
159SBBG: P.H. Raven May 20 1962 17789
160UCR: Steve Boyd, T.S. Ross, L. Arnseth Apr 7 1990 4260
161SBBG: R.F. Thorne Mar 7 1966 35954
162SD: Robert F. Thorne, D. Propst May 29, 1968 37691
163GH: W.A. Wallace
164SBBG: S.A. Junak, K. Kirkland, L. Vorobik May 16 1998 SCa-697
165SBBG: T. Ross, O. Mistretta, M. Hammitt May 18 1991 5191
166SBBG: S.A. Junak, M.L. Hoefs, K. Kirkland Apr 5 1998 SCa-549

Trifolium variegatum Nutt.
Trifolium willdenovii Spreng.
Vicia americana Willd.
Vicia benghalensis L.*
Vicia hassei S. Watson
Vicia ludoviciana Torr. & A. Gray
Vicia sativa L.*
Vicia sativa L.*
Vicia villosa Roth
Quercus agrifolia Née
Quercus chrysolepis Liebm.
Quercus douglasii Hook. & Arn.
Quercus engelmannii Greene
Quercus kelloggii Newb.
Quercus lobata Née
Quercus ×macdonaldii Greene
Quercus pacifica Nixon & C.H. Mull.
Quercus parvula Greene
Quercus tomentella Engelm.
Frankeniaceae
Frankenia salina (Molina) I.M. Johnst.
Garryaceae
Garrya veatchii Kellogg
Gentianaceae
Zeltnera davyi (Jeps.) G. Mans.
Zeltnera venusta (A. Gray) G. Mans.
Geraniaceae
California macrophylla (Hook. & Arn.) J.J. Aldasoroet
Erodium botrys (Cav.) Berol.*
Erodium brachycarpum (Godr.) Thell.*
Erodium cicutarium (L.) Aiton*
Erodium moschatum (L.) Aiton*

Family/species
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var. parvula

ssp. ludoviciana
ssp. nigra (L.) Erhart
ssp. sativa
(Host) Corb.
var. agrifolia

var. major Loja.

ssp./var. and infraname

CLE
NIC
CLE165
CLE
NIC
CLE
NIC

NIC

CAT163
CAT164
CAT166
CAT
CAT

CAT

CAT

CLE

CLE

CAT

BAR
BAR

ROS
ROS
ROS
ROS

ROS

ROS

ROS

ROS
ROS
ROS

CAT
CAT
CAT

ROS
ROS

ROS
ROS
ROS
ROS

ROS
ROS

ROS

ROS

CLE
NIC

BAR

BAR

CAT
CAT
CAT

CAT162

NIC
NIC
CLE

CAT159
CAT
CAT161

CLE
NIC
CLE160

CAT
CAT158

NIC

CLE157

CLE

CRU

CRU
CRU

CRU

CRU

CRU

CRU

CRU
CRU
CRU
CRU
CRU
CRU

CRU
CRU
CRU

CRU

CRU
CRU
CRU
CRU
CRU
CRU

ANA
ANA

ANA

ANA

ANA

ANA

ANA
ANA
ANA

ANA

ANA

MIG
MIG

MIG

MIG

MIG
MIG

MIG
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var. malvaceum

ssp./var. and infraname

NIC

CLE
CLE

NIC

CAT

CAT
CAT

CAT

CAT

CAT

CLE? 169

ROS

ROS

ROS

ROS
ROS

ROS
ROS

CAT
CAT
CAT
CAT
CAT
CAT
CAT

NIC

ROS

ROS

ROS
ROS

ROS

ROS

BAR

CAT

CAT

CAT

CAT

CAT
CAT

CAT

CLE

CLE

CLE

CLE167 NIC
NIC

CLE

CRU
CRU

CRU

CRU
CRU
CRU
CRU

CRU

CRU
CRU
CRU
CRU

CRU

CRU

CRU

CRU
CRU

CRU

CRU

ANA

ANA

ANA

ANA

MIG

MIG

MIG168

MIG

CALIFORNIA ISLAND PLANT DISTRIBUTION PATTERNS

167SBBG: T. Ross May 22 1991 5435
168SBBG: R.N. Philbrick Mar 25 1966 B66-91
169Pers. com. E. Howe

Erodium texanum A. Gray
Geranium carolinianum L.
Geranium dissectum L.*
Geranium molle L.*
Pelargonium ×hortorum L.H. Bailey*
Pelargonium peltatum (L.) L’Hér.*
Grossulariaceae
Ribes malvaceum Sm.
Ribes viburnifolium A. Gray
Ribes thacherianum (Jeps.) Munz
Juglandaceae
Juglans californica S. Watson*
Juglans regia L.*
Lamiaceae
Clinopodium douglasii (Benth.) Kuntze
Lamium amplexicaule L.*
Lepechinia fragrans (Greene) Epling
Marrubium vulgare L.*
Mentha aquatica L.*
Mentha spicata L.*
Nepeta cataria L.*
Salvia apiana Jeps.
Salvia brandegeei Munz
Salvia columbariae Benth.
Salvia leucophylla Greene
Salvia mellifera Greene
Scutellaria tuberosa Benth.
Stachys ajugoides Benth.
Stachys bullata Benth.
Trichostema lanceolatum Benth.
Linaceae
Hesperolinon micranthum (A. Gray) Small
Loasaceae
Mentzelia affinis Greene
Mentzelia micrantha (Hook. & Arn.) Torr. & A.
Lythraceae
Ammannia robusta Heer & Regel
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ssp. parviflora
ssp. mexicana (Rydb.) John M. Mill.
& K.L. Chambers
ssp. perfoliata

ssp. malviflora

ssp. assurgentiflora
ssp. glabra (Munz & I.M.
Johnst.) Kearney
var. catalinensis (Eastw.) Kearney
var. nesioticus (B.L. Rob.) Kearney

ssp./var. and infraname

BAR

CAT176
CAT177
CAT
CLE

BAR

CAT

CLE

NIC

CAT

BAR
BAR
BAR
BAR

BAR

BAR

CLE175

CAT
CAT
CAT172
CAT174

CAT
CAT

CAT

CAT

CAT
CAT

CAT170

CAT

CAT
CAT

NIC
NIC

NIC

NIC

NIC*

NIC

NIC

CLE

CLE173

CLE
CLE

CLE
CLE

CLE171

CLE
CLE*
CLE
CLE

CLE

CLE

ROS

ROS

ROS
ROS

ROS

ROS

ROS
ROS
ROS

ROS
ROS
ROS
ROS
ROS

ROS

ROS

ROS

CRU

CRU

CRU

CRU

CRU
CRU

CRU
CRU
CRU
CRU
CRU

CRU

CRU
CRU

CRU

CRU
CRU
CRU
CRU*

CRU
CRU

CRU

ANA

ANA

ANA

ANA
ANA

ANA

ANA

ANA

ANA

MIG

MIG

MIG
MIG

MIG

MIG

MIG

MIG

MIG
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170RSA: Mark Hoefs, Steven A. Junak, Janet Takara, M. Gay Jul 14 1995 2401
171SD: Steven A. Junak Apr 23, 1997 SCI858
172SBBG: S.A. Junak, K. Kirkland Apr 13 2001 SCa-1421
173SBBG: Tim Ross, Orlando Mistretta, Mike Hammitt May 19 1991 5286
174SBBG: E.R. Blakley Apr 7 1963 5537
175SBBG: S.A. Junak May 20 1996
176UCR: T.S. Ross Apr 23 1993 6926
177UCR: O.F. Clarke Feb 25 1968 s.n.

Claytonia perfoliata Willd.
Montia fontana L.
Moraceae
Ficus carica L.*
Myrsinaceae
Anagallis arvensis L.*
Anagallis minima (L.) E.H.L. Krause
Myrtaceae
Eucalyptus camaldulensis Dehnh.*
Eucalyptus cladocalyx F. Muell.*
Eucalyptus globulus Labill.*

Lythrum californicum Torr. & A. Gray
Lythrum hyssopifolia L.*
Malvaceae
Alcea rosea L.*
Eremalche exilis (A. Gray) Greene
Lavatera assurgentiflora
Lavatera assurgentiflora
Malacothamnus clementinus
Malacothamnus fasciculatus (Torr. & A. Gray) Greene
Malacothamnus fasciculatus (Torr. & A. Gray) Greene
Malva pseudolavatera Webb & Berthel.*
Malva nicaeensis All.*
Malva parviflora L.*
Malvella leprosa (Ortega) Krapov.
Sidalcea malviflora (DC.) A. Gray
Montiaceae
Calandrinia breweri S. Watson
Calandrinia ciliata Fisch. & C.A. Mey.
Cistanthe maritima (Nutt.) Hershk.
Claytonia parviflora Hook.
Claytonia perfoliata Willd.
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ssp. angustifolium
ssp. canum

ssp. quadrivulnera (Lindl.)
H. Lewis & M. Lewis

CLE

CLE? 179

CAT

CLE

CAT181
CAT

CAT

CAT

CAT

CLE

CAT

CAT
CAT
CAT

CAT178

CAT

CAT

NIC

NIC

NIC
NIC

NIC

CLE

CLE

ssp. cheiranthifolia
ssp. suffruticosa (S. Watson)
W.L.Wagner & Hoch
ssp. clementina (P.H. Raven)
W.L. Wagner & Hoch

CLE

var. crassifolia (Choisy) Spellenb.

CLE

CLE
CLE
CLE

ssp./var. and infraname

BAR

BAR

BAR

BAR

ROS

ROS

ROS
ROS

ROS

ROS

ROS
ROS

ROS
ROS
ROS

ROS

ROS

CRU
CRU
CRU
CRU

CRU

CRU

CRU

CRU

CRU
CRU

CRU

CRU

CRU

CRU
CRU
CRU

CRU
CRU

CRU

ANA
ANA

ANA

ANA

ANA

ANA

ANA

ANA

MIG

MIG

MIG

MIG

MIG

MIG
MIG
MIG

MIG
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178UCR: T.S. Ross, Janet Takara, Stacey Otte Apr 24 1993 6964
179Pers. com. E. Howe
180This taxa unresolved
181SDSU: R.M. Beauchamp August 8, 1966 54

Clarkia unguiculata Lindl.
Epilobium brachycarpum C. Presl
Epilobium canum (Greene) P.H. Raven180
Epilobium canum (Greene) P.H. Raven

Eucalyptus polyanthemos Schauer*
Eucalyptus sideroxylon Woolls*
Eucalyptus tereticornis Sm.*
Nyctaginaceae
Abronia latifolia Eschsch.
Abronia maritima S. Watson
Abronia umbellata Lam.
Mirabilis laevis (Benth.) Curran
Oleaceae
Olea europaea L.*
Onagraceae
Camissonia strigulosa (Fisch. & C.A. Mey.) P.H. Raven
Camissoniopsis cheiranthifolia (Spreng.)
W.L. Wagner & Hoch
Camissoniopsis cheiranthifolia (Spreng.)
W.L. Wagner & Hoch
Camissoniopsis guadalupensis (S. Watson)
W.L. Wagner & Hoch
Camissoniopsis hirtella (Greene)
W.L. Wagner & Hoch
Camissoniopsis ignota (Jeps.) W.L. Wagner & Hoch
Camissoniopsis intermedia (P.H. Raven)
W.L. Wagner & Hoch
Camissoniopsis micrantha (Spreng.)
W.L. Wagner & Hoch
Camissoniopsis robusta (P.H. Raven)
W.L. Wagner & Hoch
Clarkia davyi (Jeps.) H. Lewis & M. Lewis
Clarkia epilobioides (Torr. & A. Gray) A. Nelson & J.F.
Clarkia prostrata H. Lewis & M. Lewis
Clarkia purpurea (Curtis) A. Nelson & J.F. Macbr.
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BAR

BAR

ROS

ROS

ROS
CRU
CRU
CRU
CRU

CRU

ssp. rubra (A. St.-Hil.) Lourteig

ssp. brachyloba Heckard

ssp. grandis Heckard

CLE
NIC

CAT
CAT
CAT
CAT

CAT
CAT

NIC
NIC

CLE184
CLE

CAT
CAT
CAT

CAT
CAT

CAT

NIC
NIC

NIC
NIC

CLE

CLE183
CLE

CLE? 182

CLE

CAT

CAT
CAT

BAR

BAR

ROS

ROS
ROS

ROS
ROS

ROS

ROS

ROS

ROS
ROS
ROS
ROS
ROS
ROS
ROS

ROS
ROS

CRU
CRU
CRU
CRU
CRU
CRU
CRU
CRU
CRU

CRU
CRU
CRU

CRU
CRU
CRU

CRU

CRU

CRU
CRU
CRU
CRU

CAT

CAT

CAT
CAT

CAT

ssp. affinis
NIC

NIC

CRU

CLE

CLE

ssp. hirsutissima (S. Watson) W. Dietr.

ssp. peploides

ssp. ciliatum

ssp./var. and infraname

ANA

ANA

ANA

ANA

ANA

ANA

MIG

MIG

MIG

MIG
MIG

MIG
MIG

MIG
MIG

MIG

MIG

MIG
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182Pers. com. E. Howe
183RSA: Steven A. Junak May 14 1985 SC1-56
184RSA: M.B. Dunkle May 27 1928 1983

Epilobium ciliatum Raf.
Eulobus californicus Torr. & A. Gray
Ludwigia peploides (Kunth) P.H. Raven
Oenothera xenogaura W.L. Wagner & Hoch*
Oenothera sinuosa W.L. Wagner & Hoch*
Oenothera elata Kunth.
Orobanchaceae
Castilleja affinis Hook. & Arn.
Castilleja attenuata (A. Gray) T.I. Chuang & Heckard
Castilleja densiflora (Benth.) T.I. Chuang & Heckard
Castilleja exserta (A. Heller) T.I. Chuang & Heckard
Castilleja foliolosa Hook. & Arn.
Castilleja grisea Dunkle
Castilleja hololeuca Greene
Castilleja mollis Pennell
Kopsiopsis strobilacea (A. Gray) Beck
Orobanche bulbosa Beck
Orobanche californica Cham. & Schltdl.
Orobanche fasciculata Nutt.
Orobanche parishii (Jeps.) Heckard
Orobanche uniflora L.
Oxalidaceae
Oxalis articulata Savigny*
Oxalis californica (Abrams) R. Knuth
Oxalis corniculata L.*
Oxalis pes-caprae L.*
Papaveraceae
Dendromecon harfordii Kellogg
Ehrendorferia ochroleuca (Engelm.) Fukuhara
Eschscholzia californica Cham.
Eschscholzia ramosa (Greene) Greene
Meconella denticulata Greene
Papaver californicum A. Gray
Papaver heterophyllum (Benth.) Greene
Papaver somniferum L.*
Platystemon californicus Benth.
Romneya coulteri Harv.*
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var. insularis (Eastw.) S.C. Meyers & A. Liston

ssp. subsessile (A. Gray) D.M. Thomps.

var. aurantiacus
var. parviflorus (Greene) D.M. Thomps.
var. pubescens (Torr.) D.M. Thomps.
var. puniceus (Nutt.) D.M. Thomps.

ssp./var. and infraname

CLE

CLE
CLE

CLE

CLE
CLE
CLE
CLE
CLE

CLE186
CLE

CLE

CLE

NIC

NIC

NIC

NIC

CAT*

CAT

CAT
CAT190
CAT

CAT

CAT
CAT
CAT189
CAT
CAT

CAT
CAT

CAT

CAT188

CAT
CAT
CAT
CAT
CAT187
CAT

CAT185

CAT

BAR

BAR

BAR

ROS
ROS
ROS

ROS
ROS

ROS

ROS

ROS

ROS

ROS
ROS

ROS
ROS

ROS

CRU

CRU
CRU

CRU
CRU
CRU
CRU

CRU

CRU

CRU

CRU
CRU
CRU

CRU
CRU

CRU

CRU
CRU

CRU

ANA

ANA

ANA

ANA

ANA

ANA

ANA

ANA

MIG
MIG

MIG

MIG
MIG

MIG

MIG

MIG
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185OBI: John Knapp, Denise Knapp, 7, April 13, 2003
186SBBG: S. Boyd, T. Ross, L. Arnseth Apr 8 1990 4291
187Dave M. Thompson 2012. Mimulus, in Jepson Flora Project (eds.) Jepson eFlora, accessed on May 7 2014
188GH: R.F. Thorne & A.D. Propst 1974-09-12 45100
189SBBG: M.L. Hoefs, R.F. Thorne, J. Takara Jul 25 1995 2438
190SBBG: M.L. Hoefs, R.F. Thorne Apr 6 1996 2671

Phrymaceae
Mimulus aurantiacus Curtis
Mimulus aurantiacus Curtis
Mimulus aurantiacus Curtis
Mimulus aurantiacus Curtis
Mimulus cardinalis Benth.
Mimulus floribundus Lindl.
Mimulus guttatus DC.
Mimulus latifolius A. Gray
Mimulus traskiae A.L. Grant
Pittosporaceae
Pittosporum undulatum Vent.*
Plantaginaceae
Antirrhinum kelloggii Greene
Antirrhinum multiflorum Pennell
Antirrhinum nuttallianum A. DC.
Callitriche marginata Torr.
Collinsia heterophylla Graham
Gambelia speciosa Nutt.
Keckiella cordifolia (Benth.) Straw
Kickxia elatine (L.) Dumort.*
Linaria bipartita (Vent.) Willd.*
Nuttallanthus texanus (Scheele)
D.A. Sutton
Veronica anagallis-aquatica L.*
Plantago coronopus L.*
Plantago elongata Pursh
Plantago erecta E. Morris
Plantago lanceolata L.*
Plantago major L.*
Plantago maritima L.
Plantago ovata Forssk.
Plantago subnuda Pilg.*
Plantanaceae
Platanus racemosa Nutt.
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var. fasciculatum
var. polifolium (Benth.) Torr. & A. Gray
var. compactum Dunkle
var. formosum K. Brandegee
var. giganteum
var. grande

ssp. leptantha (Greene) H. Mason

ssp. pygmaeus

ssp. hoffmannii (Eastw.) A.D. Grant & V.E. Grant

ssp. abrotanifolia (Greene) V.E. Grant

ssp. multicaulis (Benth.) V.E. Grant & A.D. Grant

ssp. californica (Boiss.) A.E. Porsild

ssp./var. and infraname

CLE

CLE

CLE

CLE

CLE

CLE

CLE

NIC

NIC192*

CAT
CAT

CAT193

CAT

CAT

CAT
CAT

CAT

CAT
CAT
CAT
CAT

CAT

CLE
CLE

CAT

CLE

CAT

CAT
CAT

NIC

NIC

CLE

CLE? 191

CLE

BAR

BAR

BAR

ROS

ROS
ROS
ROS

ROS

ROS

ROS
ROS
ROS

ROS

ROS

ROS

CRU*
CRU

CRU
CRU

CRU

CRU
CRU

CRU

CRU
CRU
CRU
CRU

CRU

CRU

ANA

ANA

ANA
ANA

ANA&

ANA

MIG

MIG

MIG&

MIG
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191Pers. com. E. Howe
192SBBG: S.A. Junak, T. Murphey, SN-432, Feb 21 1990
193HSC: R.F. Thorne, D. Propst, M. Haefs Sep 12 1974 45110

Plumbaginaceae
Armeria maritima (Mill.) Willd.
Limonium californicum
(Boiss.) A. Heller*
Limonium perezii (Stapf) F.T. Hubb.*
Limonium sinuatum (L.) Mill.*
Polemoniaceae
Allophyllum glutinosum (Benth.) A.D.
Grant & V.E. Grant
Eriastrum filifolium (Nutt.)
Wooton & Standl.
Gilia achilleifolia Benth.
Gilia angelensis V.E. Grant
Gilia capitata Sims
Gilia clivorum (Jeps.) V.E. Grant
Gilia nevinii A. Gray
Gilia tenuiflora Benth.
Leptosiphon bicolor Nutt.
Leptosiphon parviflorus Benth.
Leptosiphon pygmaeus (Brand)
J.M. Porter & L.A. Johnson
Linanthus dianthiflorus (Benth.) Greene
Navarretia atractyloides (Benth.)
Hook. & Arn.
Navarretia hamata Greene
Polygalaceae
Polygala californica Nutt.
Chorizanthe staticoides Benth.
Chorizanthe wheeleri S. Watson
Eriogonum arborescens Greene
Eriogonum cinereum Benth.
Eriogonum fasciculatum Benth.*
Eriogonum fasciculatum Benth.*
Eriogonum giganteum S. Watson
Eriogonum giganteum S. Watson
Eriogonum giganteum S. Watson
Eriogonum grande Greene
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ssp./var. and infraname

var. fasciculatum

var. insularis (Eastw.) Munz
var. megacarpus
ssp. californica

CLE
CLE

ssp. maritimum (Davidson) M.J. Warnock
ssp. parryi
ssp. kinkiense (Munz) M.J. Warnock
ssp. thornei Munz

CAT

CAT

CAT
CAT

CAT
CAT

CAT
CAT

ROS

ROS

ROS
ROS

ROS

ROS

ROS

ROS

ROS

ROS
ROS
ROS
ROS
ROS

ROS

CAT

CLE
CLE

ROS
ROS

ROS

BAR

BAR

BAR

CAT

CAT

CAT

CAT
CAT
CAT

NIC

NIC

NIC

CLE
CLE

CLE

CLE

CLE

NIC

CAT
CAT
CAT

CLE194
CLE
NIC

CAT

CAT

CAT
CAT
CAT

NIC

NIC

NIC
NIC
NIC

CLE
CLE
CLE

CLE

ssp. insulare H.J. Thomps.

ssp. depressum (Meisn.) Arcang.
Fisch. & C.A. Mey.

var. rubescens (Greene) Munz
var. timorum Reveal

CRU

CRU

CRU
CRU
CRU
CRU
CRU

CRU

CRU

CRU
CRU
CRU
CRU
CRU

CRU

CRU

CRU
CRU

CRU
CRU
CRU
CRU
CRU
CRU
CRU
CRU

CRU

ANA

ANA

ANA

ANA

ANA

ANA

ANA
ANA

ANA

MIG

MIG&

MIG&

MIG

MIG

MIG

MIG

MIG

MIG
MIG

MIG

MIG
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194SD: Steven A. Junak May 18, 1996 SCI488a

Eriogonum grande Greene
Eriogonum grande Greene
Lastarriaea coriacea (Goodman) Hoover
Persicaria lapathifolia (L.) Gray
Polygonum argyrocoleon Kunze*
Polygonum aviculare L.*
Pterostegia drymarioides
Rumex acetosella L.*
Rumex conglomeratus Murray*
Rumex crispus L.*
Rumex fueginus Phil.
Rumex obtusifolius L.*
Rumex pulcher L.*
Rumex salicifolius Weinm.
Portulacaceae
Portulaca oleracea L.*
Primulaceae
Dodecatheon clevelandii Greene
Ranunculaceae
Clematis lasiantha Nutt.
Clematis ligusticifolia Nutt.
Clematis pauciflora Nutt.
Delphinium parryi A. Gray
Delphinium parryi A. Gray
Delphinium variegatum Torr. & A. Gray
Delphinium variegatum Torr. & A. Gray
Ranunculus californicus Benth.
Ranunculus hebecarpus Hook. & Arn.
Resedaceae
Oligomeris linifolia (Hornem.) J.F. Macbr.
Reseda odorata L.*
Rhamnaceae
Ceanothus arboreus Greene
Ceanothus megacarpus Nutt.
Ceanothus megacarpus Nutt.
Frangula californica (Eschsch.) A. Gray
Rhamnus pirifolia Greene
Rosaceae
Adenostoma fasciculatum Hook. & Arn.
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ssp. fremontii

var. porrigens

ssp. flaccidum (Greene) Dempster & Stebbins
ssp. miguelense (Greene)
Dempster & Stebbins
ssp. acrispum Dempster
ssp. catalinense
ssp. insulare Ferris

CLE

CLE

CLE

CLE

ssp. lyonii (Eastw.) P.H. Raven

ssp. foliosum (Hilend & J.T. Howell)
Dempster & Stebbins
ssp. angustifolium

CLE

CLE

CLE

CLE

ssp. aspleniifolius (Greene) P.H. Raven
ssp. floribundus
ssp. pacifica (Howell) Rousi

var. betuloides
var. blancheae (C.K. Schneid.) Little

var. prostratum Dunkle

ssp./var. and infraname

NIC

NIC

NIC

CAT

CAT
CAT

CAT

CAT
CAT
CAT197
CAT

CAT
CAT

CAT196
CAT
CAT
CAT

CAT

CAT
CAT
CAT
CAT
CAT
CAT
CAT
CAT

CAT

BAR

BAR

ROS

ROS
ROS
ROS

ROS

ROS

ROS

ROS
ROS
ROS

ROS

ROS

ROS

ROS
ROS

ROS

CRU

CRU
CRU
CRU

CRU

CRU

CRU
CRU
CRU

CRU

CRU
CRU
CRU

CRU

CRU
CRU
CRU

CRU

CRU
CRU

CRU

ANA

ANA

ANA

ANA

ANA

MIG

MIG
MIG

MIG

MIG

MIG

MIG
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195Synonym: Potentilla glandulosa Lindl.
196UC: Tim Ross, 6923, Apr 22 1993
197SBBG: S.A. Junak, M.L. Hoefs, K. Kirkland Jul 17 1998 SCa-769

Galium catalinense A. Gray
Galium catalinense A. Gray
Galium nuttallii A. Gray
Galium parisiense L.*
Galium porrigens Dempster
Rutaceae
Ruta chalepensis L.*
Salicaeae
Populus fremontii S. Watson
Populus trichocarpa Hook.
Salix exigua Nutt.
Salix gooddingii C.R. Ball
Salix laevigata Bebb

Galium angustifolium A. Gray
Galium aparine L.
Galium buxifolium Greene
Galium californicum Hook. & Arn.
Galium californicum Hook. & Arn.

Adenostoma fasciculatum Hook. & Arn.
Aphanes occidentalis (Nutt.) Rydb.
Cercocarpus betuloides Nutt.
Cercocarpus betuloides Nutt.
Cercocarpus traskiae Eastw.
Drymocallis glandulosa (Lindl.) Rydb.195
Heteromeles arbutifolia (Lindl.) M. Roem.
Holodiscus discolor (Pursh) Maxim.
Lyonothamnus floribundus A. Gray
Lyonothamnus floribundus A. Gray
Potentilla anserina L.
Poterium sanguisorba L.*
Prunus ilicifolia (Hook. & Arn.) D. Dietr.
Rosa californica Cham. & Schltdl.
Rubus ursinus Cham. & Schltdl.
Rubiaceae
Galium angustifolium subsp.
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var. lasiandra

ssp./var. and infraname

NIC&
NIC
NIC
NIC
NIC

CLE? 206
CLE208
CLE

CAT

CAT204
CAT205
CAT
CAT207

CAT
CAT&
CAT

CLE? 202*
CLE
NIC
CLE
NIC
CLE? 203

CAT

CAT
CAT

CAT

CAT

CLE

CLE201
NIC

NIC

CLE
CLE
CLE200

NIC

NIC

CLE? 198

CLE

BAR

BAR&
BAR

BAR

BAR

ROS
ROS209
ROS

ROS

ROS

ROS

CRU

CRU
CRU
CRU

CRU

CRU

CRU

CRU&

CRU

CRU

ROS
ROS

CRU
CRU

CRU

CRU
CRU

CRU

ROS
ROS

ROS

ROS

ANA
ANA

ANA&
ANA

ANA

ANA

ANA

ANA

MIG

MIG&

MIG

MIG

MIG
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198Pers. com. E. Howe
199Synonym: Saxifraga californica Greene
200SBBG: S.A. Junak Mar 13 1997 SCl-770
201SBBG: S.A. Junak Jul 31 1981 SCl-53
202Pers. com. E. Howe
203Pers. com. E. Howe
204RSA: R.F. Thorne, 47381, Sep 4 1975
205RSA: Blanche Trask Mar 1901 s.n.
206Pers. com. E. Howe
207SD: Robert F. Thorne, P. Everett, 34883, Jun 22, 1965
208SBBG: H.L. Ferguson, R.M. Beauchamp Sep 15 1979
209SBBG: S.A. Junak Sep 23 1998 SR-896

Salix lasiandra Benth.
Salix lasiolepis Benth.
Sapindaceae
Acer macrophyllum Pursh
Saxifragaceae
Heuchera maxima Greene
Jepsonia malvifolia (Greene) Small
Lithophragma affine A. Gray
Lithophragma cymbalaria Torr. & A. Gray
Lithophragma maximum Bacig.
Micranthes californica (Greene) Small199
Scrophulariaceae
Myoporum laetum G. Forst.*
Scrophularia californica
Cham. & Schltdl.
Scrophularia villosa Pennell
Verbascum thapsus L.*
Solanaceae
Datura wrightii Regel
Lycium brevipes Benth.
Lycium californicum Nutt.
Lycium fremontii A. Gray
Lycium verrucosum Eastw.
Lycopersicum esculentum Mill.*
Nicotiana clevelandii A. Gray
Nicotiana glauca Graham*
Nicotiana quadrivalvis Pursh
Petunia parviflora Juss.
Solanum americanum Mill.*
Solanum douglasii Dunal
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var. lasiostachys
var. scabrida Moldenke

ssp. holosericea (Nutt.) Thorne

ssp./var. and infraname

436

CLE

CLE213
CLE215
CLE

279

NIC

CAT216
633

CAT

CAT

CAT
CAT
CAT
CAT

CAT

CAT
CAT

CAT
CAT

NIC
NIC

CLE
CLE

CAT211

CAT
CAT

CAT

CAT

NIC

NIC

CLE212

CLE

CLE? 210

CLE

150

BAR
BAR

BAR&

BAR

519

ROS

ROS

ROS

ROS
ROS

ROS
ROS

ROS

ROS

ROS
ROS

ROS

662

CRU

CRU

CRU214

CRU
CRU

CRU
CRU

CRU
CRU

CRU

CRU

CRU

CRU
CRU

CRU

271

ANA

ANA

ANA

ANA

296

MIG

MIG

MIG

MIG

MIG
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210Pers. com. E. Howe
211RSA: R.F. Thorne, 45759, Mar 22 1975
212UCR: T.S. Ross, 5434, May 22 1991
213SBBG: H.L. Ferguson Mar 12 1981 234
214SBBG: S.A. Junak, R.N. Philbrick, M.C. Hochberg, SC-63, May 9 1979
215RSA: E. Kellogg Jun 28 1992 s.n.
216SBBG: S.A. Junak, K. Kirkland, M. Bushman Oct 21 1998 SCa-815

NUMBER OF SPECIES

Solanum elaeagnifolium Cav.*
Solanum wallacei (A. Gray) Parish
Tamaricaceae
Tamarix aphylla (L.) H. Karst.*
Tamarix chinensis Lour.*
Tamarix parviflora DC.*
Tamarix ramosissima Ledeb.*
Theophrastaceae
Samolus parviflorus Raf.
Tropaeolaceae
Tropaeolum majus L.*
Ulmaceae
Ulmus xhollandica Mill.*
Urticaceae
Hesperocnide tenella Torr.
Parietaria hespera Hinton
Soleirolia soleirolii (Req.) Dandy*
Urtica dioica L.
Urtica urens L.*
Valerianaceae
Centranthus ruber (L.) DC.*
Plectritis ciliosa (Greene) Jeps.
Verbenaceae
Phyla nodiflora (L.) Greene*
Verbena bracteata Lag. & Rodr.
Verbena lasiostachys Link
Verbena lasiostachys Link
Violaceae
Viola pedunculata Torr. & A. Gray
Vitaceae
Vitis girdiana Munson
Zygophyllaceae
Tribulus terrestris L.*
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LECANORA ANNULARIS (LECANORACEAE, LECANORALES),
A NEW LICHEN SPECIES FROM THE CHANNEL ISLANDS
AND THE CENTRAL CALIFORNIA COAST
Kerry Knudsen1,3, James C. Lendemer2, and Jana Kocourková1
ABSTRACT.—Lecanora annularis, n. sp., is described from collections from Santa Cruz Island and Santa Barbara
Island in Channel Islands National Park and from San Simeon and Point Lobos on the central California coast. The crystalinspersed parathecium, egranulose epihymenium, and maritime habit distinguish L. annularis from all other members of
the L. dispersa group. It occurs on sandstone and decaying basalt.
RESUMEN.—Existen descripciones de Lecanora annularis, n. sp., en colecciones de la Isla Santa Cruz y la Isla Santa
Bárbara del Parque Nacional de las Islas del Canal, y de San Simeón y Punta Lobos en la costa central de California.
El paratecio esparcido con cristales, el epihimenio sin gránulos, y el hábitat marino distinguen a L. annularis de todos
los demás miembros del grupo L. dispersa. Se encuentra sobre basalto desmoronado y arenisca.

Over 500 species of lichen occur on the
Channel Islands of California, all of which are
considered native (Knudsen and Kocourková
2012). This diversity accounts for approximately one-third of the lichens reported from
the state (Tucker and Ryan 2006, Knudsen and
Kocourková 2012). A preliminary list from
Channel Islands National Park documented
103 species of lichen and lichenicolous fungi
endemic to the California coastal region, from
Point Reyes to Baja Sur and on the adjoining
islands (Knudsen and Kocourková 2012). In
this paper, we describe the new regional
endemic Lecanora annularis, which occurs on
Santa Cruz Island and Santa Barbara Island
and along the central coast at San Simeon in
San Luis Obispo County and Point Lobos in
Monterey County.
Lecanora annularis Lendemer &
K. Knudsen, sp. nov.
Mycobank No. MB808592
(Fig. 1)

Thallus crustose, thin, discontinuous, endosubstratal, and chasmolithic, rarely forming
irregular inconspicuous areoles prior to
apothecial initiation, pale brown to whitish.
Apothecia occurring singly, sessile to slightly
constricted at the base, concave and cupuliform, often becoming +/– plane and weakly

flexuous when mature, [0.4]-0.5-0.7-1.0-[1.3]
mm (n = 40) in diameter; disc plane and becoming concave, smooth, dark purple-brown,
not too weakly pruinose; margin initially level,
becoming prominent and strongly raised, then
again +/– level when the disc expands at
maturity, distinctly bicolored with the rim
densely white pruinose and the sides epruinose dark to light brown, rim often with numerous radial fissures especially when young.
Amphithecium 100–200 mm thick, corticate,
with algae densely filling the area below the
cortex and extending approximately threequarters of the way up the hymenium; cortex
strongly delimited, often distinctly thicker
(65–90 mm laterally) at the base, bilayered
with a distinct gelatinous sheath (10–20 mm
thick) covering an inner layer of prosoplectenchymatic anticlinally arranged chrondroid
hyphae (40–60 mm thick) in which the terminal cell is capped with blue-brown pigment
(K–, N–), granules (Pol+, K-insoluble, N-soluble) present only in the apical portion of the
cortex where they completely obscure the
hyphae; parathecium +/– distinct, 10–15 mm
thick, prosoplectenchymatous, densely inspersed with granules (Pol+, K-soluble, Ninsoluble) throughout, appearing as a thin and
complete Pol+ layer between the hymenium/hypothecium and the algal layer of

1Department of Ecology, Faculty of Environmental Sciences, Czech University of Life Sciences, Prague, Kamýcká 129, Praha 6 – Suchdol, CZ–165 21,
Czech Republic.
2Institute of Systematic Botany, The New York Botanical Garden, Bronx, NY 14058–5126.
3E-mail: kerryknudsen999@gmail.com

221

222

MONOGRAPHS OF THE WESTERN NORTH AMERICAN NATURALIST

[Volume 7

Fig. 1. Lecanora annularis (Knudsen 11518) and type locality: A–D, development of apothecia, white arrows point to
immature apothecial initials (scale bar: A and B, 0.25 mm; C and D, 0.5 mm); E, asci (scale bar: 20 mm), microphotographs by J.C. Lendemer; F, the type locality, photographed by Jana Kocourková.

amphithecium; epihymenium deeply pigmented brownish-red (K–, N+ more intense
coloration); episamma absent; hymenium hyaline, densely inspersed with oil droplets in the
material studied, 60–80 mm tall; subhymenium
indistinct; hypothecium hyaline, 30–45 mm
thick, composed of adglutinated prosoplecten-

chymatic hyphae, not inspersed with granules
and only rarely inspersed with sparse oil droplets. Paraphyses slender, simple, expanded,
thick, and adglutinated, apically pigmented,
free in K. Asci clavate, 8-spored, Lecanoratype; ascospores hyaline, simple, ellipsoid to
broadly ellipsoid, [9.6]-10.7-11.9-13.1-[14.4] ×

2014]
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[3.7]-4.9-5.5-6.2-[6.6] mm and l/b ratio [1.6]1.8-2.0-2.4-[2.9] (n = 58). Conidiomata not
seen. No secondary metabolites detected with
thin-layer chromatography. Spot tests: K–, C–,
KC–, P–, UV–.
Type Material
HOLOTYPE.—California: Santa Barbara Co.,
Channel Islands National Park, Santa Cruz
Island, drainage above Potato Harbor, on decaying basalt boulder, 73 m, 2012, K. Knudsen
14882.1 & J. Kocourková (NY; UCR, isotype).
PARATYPES.—California: Monterey Co., Point
Lobos State Reserve, on sandstone, 8 m, 2009,
K. Knudsen 11518 & J. Kocourková (NY, UCR,
UGDA). San Luis Obispo Co., San Simeon
State Park, on sandstone boulder, 5 mm, 2010,
K. Knudsen 12189 (NY, UCR, UPS). Santa
Barbara Co., Channel Islands National Park,
Santa Barbara Island, west slope of Signal Peak,
on scattered decaying basalt rocks, 180 m,
2013, K. Knudsen 16172 (UCR).
Etymology
The name refers to the distinct white ring
of thick pruina that forms on the margin of the
apothecia, which is conspicuous in contrast to
the epruinose dark purple-brown disc and
brown cortical surface of the amphithecium.
This feature is present during all 3 stages of
the development of the margin (level with
disc, becoming raised above it, and then level
again as disc expands) and is a good character
for identifying specimens in the field.
Diagnosis
Similar to Lecanora crenulata Hook., differing in having a parathecium completely
inspersed with crystals and an egranulose epihymenium.
DISCUSSION
Based on the thin to endolithic thallus, the
lack of secondary metabolites, and the white
pruinose margin of the apothecia, Lecanora
annularis is treated as a member of the L. dispersa group. Following the revision of this
group of 19 species in North America by Śliwa
(2007), L. annularis is unique in this group in
having a parathecium that is densely inspersed
throughout with granules (Pol+ and soluble in
K but not in N) and in having a maritime
habit. The lack of both an episamma and gran-
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ules in the epihymenium, combined with the
aforementioned features, is an additional character distinguishing L. annularis from other
members of the L. dispersa group.
In the L. dispersa group, L. crenulata is most
similar to L. annularis. Both species have a
prosoplectenchymatous parathecium. Lecanora
crenulata has crystals in the upper 20 mm of
the parathecium but not throughout the parathecium like L. annularis. Lecanora crenulata
also differs from L. annularis in having coarse
epihymenial granules, a pruinose disc, and a
crenulate white apothecial margin. Lecanora
crenulata occurs on calcareous substrates, especially limestone, throughout North America
(Śliwa 2007). Lecanora crenulata is usually
collected on caliche in Channel Islands National Park and never in areas exposed to salt
spray. Lecanora annularis is recorded only
from sandstone and volcanic rock. It can tolerate salt spray.
Lecanora annularis is currently known from
the northern portion of the coastal California
lichen region (Knudsen and Kocourková 2012),
occurring on Santa Barbara Island and Santa
Cruz Island, as well as along the central coast
in San Simeon and on Point Lobos. At the type
locality, L. annularis occurs at 73 m, and is
near the border of the Potato Harbor formation, an uplifted Pleistocene dune (Muhs et al.
2009). We did not collect L. annularis on the
calcareous Potato Harbor formation. It occurs
at 180 m on Signal Peak on Santa Barbara
Island on volcanic rock but not on nearby
exposed caliche (where we collected L. crenulata). At San Simeon and Point Lobos, L. annularis occurs in the upper littoral zone from 2
to 8 m where it is exposed to salt spray and
inundations in storms. At all 4 sites, L. annularis occurred on noncalcareous rock, either
sandstone or volcanic rock. All populations
were small and intermixed with other saxicolous lichens common in coastal California.
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CHANGES IN VEGETATION AND BIOLOGICAL SOIL CRUST
COMMUNITIES ON SAND DUNES STABILIZING AFTER
A CENTURY OF GRAZING ON SAN MIGUEL ISLAND,
CHANNEL ISLANDS NATIONAL PARK, CALIFORNIA
Kristine L. Zellman1
ABSTRACT.—San Miguel Island is the westernmost of the California Channel Islands and one of the windiest areas on
the west coast of North America. The majority of the island is covered by coastal sand dunes, which were stripped of
vegetation and subsequently mobilized due to droughts and sheep ranching during the late 19th century and early 20th
century. Since the removal of grazing animals, vegetation and biological soil crusts have once again stabilized many of
the island’s dunes. In this study, historical aerial photographs and field surveys were used to develop a chronosequence
of the pattern of change in vegetation communities and biological soil crust levels of development (LOD) along a gradient of dune stabilization. Historical aerial photographs from 1929, 1954, 1977, and 2009 were georeferenced and used to
delineate changes in vegetation canopy cover and active (unvegetated) dune extent among 5 historical periods (pre1929, 1929–1954, 1954–1977, 1977–2009, and 2009–2011). During fieldwork, vegetation and biological soil crust communities were mapped along transects distributed throughout San Miguel Island’s central dune field on land forms that
had stabilized during the 5 time periods of interest. Analyses in a geographic information system (GIS) quantified the
pattern of changes that vegetation and biological soil crust communities have exhibited on the San Miguel Island dunes
over the past 80 years. Results revealed that a continuing increase in total vegetation cover and a complex pattern of
change in vegetation communities have taken place on the San Miguel Island dunes since the removal of grazing animals. The highly specialized native vascular vegetation (sea rocket, dunedelion, beach-bur, and locoweed) are the pioneer stabilizers of the dunes. This pioneer community is replaced in later stages by communities that are dominated by
native shrubs (coastal goldenbush, silver lupine, coyote-brush, and giant coreopsis), with apparently overlapping or
cyclical succession pathways. Many of the dunes that have been stabilized the longest (since before 1929) are dominated
by exotic grasses. Stands of biological soil crusts (cyanobacteria) are found only on dunes where vascular vegetation is
already present. Biological soil crusts are not found on dunes exhibiting a closed vascular plant canopy, which may indicate that the role of soil crusts in dune stabilization on the island is transitory. Particle-size analyses of soil samples from
the study area reveal that higher biological soil crust LOD is positively correlated with increasing fine grain content.
The findings indicate that changes in vegetation communities may be the most rapid at earlier and later stages of dune
stabilization and that regular monitoring of dunes may help to identify the interactions between vegetation and soil
crusts, as well as the potential transitions between native and exotic plant communities.
RESUMEN.—La Isla San Miguel es la más occidental de las Islas del Canal de California y una de las áreas más ventosas de la costa oeste de Norteamérica. La mayoría de la isla está cubierta por dunas de arena costera, desprovistas de
vegetación, se movilizaron debido a las sequías y a la cría de ovejas durante finales del siglo XIX y principios del siglo
XX. Desde la remoción de los animales de pastoreo, la vegetación y las cortezas de sedimentos biológicos han estabilizado una vez más muchas de las dunas de la isla. En este estudio, se utilizaron fotografías aéreas históricas y estudios
de campo para desarrollar una cronosecuencia del patrón de cambio en las comunidades de vegetación y los niveles de
desarrollo de la corteza de sedimentos biológicos (LOD, por sus siglas en inglés) junto con una gradación de la estabilización de la duna. Las fotografías aéreas históricas de 1929, 1954, 1977, y 2009 fueron georeferenciadas y se usaron
para delinear la extensión de cambios en la cubierta de vegetación y en dunas activas (sin vegetación) entre los cinco
períodos históricos (pre-1929, 1929–1954, 1954–1977, 1977–2009, y 2009–2011). Durante el trabajo de campo, las
comunidades de vegetación y de corteza de sedimentos biológicos se mapearon a lo largo de los cortes transversales distribuidos a lo largo de las formas de campos de dunas centrales de la Isla San Miguel que se habían estabilizado durante
los cinco períodos de interés. Los análisis en el sistema de información geográfica (SIG, por sus siglas en inglés) cuantificaron el patrón de cambios que las comunidades de vegetación y de cortezas de sedimentos biológicos han exhibido en
las dunas de la Isla San Miguel durante los últimos 80 años. Los resultados revelaron que un aumento continuo en la
cubierta total de vegetación y un patrón complejo de cambio en las comunidades vegetales han tenido lugar en las dunas
de la Isla San Miguel desde la expulsión de animales de pastoreo. La vegetación vascular nativa altamente especializada
(estrellita marina, diente de león, ambrosía y astrágalo) son los estabilizadores pioneros de las dunas. Esta comunidad
pionera se sustituye en etapas posteriores por comunidades dominadas por arbustos nativos (arbusto dorado costero,
lupina plateada, bacaris y coreopsis gigante), con caminos aparentemente superpuestos o en sucesión cíclica. Muchas de
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las dunas que han estado estabilizadas por más tiempo (desde antes de 1929) están dominadas por hierbas exóticas.
Gradas de cortezas de sedimentos biológicos (cianobacterias) se encuentran únicamente en las dunas donde la vegetación vascular ya está presente y no se encuentra en dunas que exhiben una cubierta de plantas vasculares cerrada, lo
cual puede indicar que su papel en la estabilización de la duna de la isla es transitoria. Los análisis de tamaño de
partículas de las muestras de terreno, del área de estudio, revelan que los niveles de desarrollo de corteza de sedimentos
biológicos más altos están positivamente correlacionados con los contenidos crecientes de grano fino. Los hallazgos indican que los cambios en las comunidades de vegetación podrían ser más rápidos en etapas tempranas y más tardías de
estabilización de las dunas, y que la monitorización regular de las dunas podría ayudar a identificar las interacciones
entre la vegetación y las cortezas de sedimentos, así como las potenciales transiciones entre comunidades de plantas
nativas y exóticas.

In coastal sand dune ecosystems, interactions among geology, climate, and vegetation
create naturally dynamic environments (Martinez et al. 2004, Miller et al. 2010). Dunes are
found in nearly all latitudes and cover ecological habitats from deserts to tropical rain
forests (Snead 1972). Many coastal dune ecosystems have been greatly modified by anthropogenic disturbances (Martinez et al. 2004),
which often alter vegetation communities and
subsequently influence geomorphology if the
substrate is exposed to wind and water erosion. Because of natural resource exploitation,
demographic expansion, industrial growth, and
recreation, most coastal dune systems are in
a state of continuous disturbance. As a result,
the manner in which pathways of physical
(geomorphic) change and ecological (vegetative) change interact may be observed, monitored, and, ideally, managed to facilitate conservation and recovery efforts.
Coastal sand dunes are considered one of
the best environments in which to study primary ecological succession, defined as the
establishment of plants on land not previously vegetated (Barbour et al. 1998), because
the shifting surface of sand provides a substrate not previously colonized with vegetation
(Doing 1985, Burrows 1990, Lichter 1998,
Ujházy et al. 2011). In coastal dune environments, the pioneer vegetation community must
be highly specialized to survive the harsh
environment presented by the unstable surface and low moisture-holding capacity of the
sand. Once the pioneer community is established, the dune surface is stabilized and the
process of soil development is initiated. In
addition, the organic-matter content, pH,
moisture-holding capacity, and nutrient composition of the soils are altered (Barbour et al.
1998). These changes in soil properties and
microclimate make the environment more
hospitable for other plant species and allow
rapid changes in vegetation communities over

time (Kumler 1969). From there, multiple trajectories for succession are possible, including
single or multiple pathways that can be parallel, convergent, divergent, or cyclic, or that
can form complex networks (Walker and del
Moral 2003).
Vascular vegetation is not the only facilitator of early stages of sand dune stabilization.
In areas where soil surface disturbance has
taken place, early colonizers may include a
biological soil crust community consisting of
cyanobacteria, mosses, and lichens (Anderson
and Rushforth 1976, Johansen and Rushforth
1985, Harper and Marble 1988, Belnap et al.
2001). In some semiarid and arid ecosystems,
biological soil crusts can represent up to 70%
of the living ground cover (Belnap 1994). Biological soil crusts can strongly influence vascular vegetation development by modifying soils
in ways that affect higher-order plants. Examples of such effects include increasing surface
roughness, fixing nitrogen, contributing nutrients, facilitating seedling germination, and
improving soil-plant-water relations (Belnap
1994, Belnap et al. 2001). Prior to the mid20th century, denudation of vegetation on
coastal and desert dunes in Israel occurred
due to animal grazing and other human activity, but the dunes have been stabilizing since
1948, when Bedouin pastoral nomads were
evicted from their habitats on the Israeli side
of the newly defined Israel–Egypt border
(Meir and Tsoar 1996). Several studies have
found that an increase in vegetation cover and
development of biological soil crusts on these
dunes resulted in an increase in surface
roughness that facilitates the trapping of finegrained silt and clay particles (Danin and
Yaalon 1982, Tsoar and Moller 1986, Danin et
al. 1989, Hesp 1991, Leys and Eldridge 1998,
Levin et al. 2007). These fines increase a dune’s
water-holding capacity, facilitate higher plant
densities, and enable further vegetation succession. Cyanobacteria are the most common
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Fig. 1. San Miguel Island location map.

biological soil crust component on these dunes
and are accompanied by soil algae, mosses, and
lichens (Danin et al. 1989).
San Miguel Island, which is off the coast
of southern California (Fig. 1), presents an
unusual opportunity to study coastal sand dune
stabilization and the changes in biological soil
crust and vegetation on a landscape that is
currently exposed to minimal human and animal disturbance after decades of significant
disturbance from grazing. Similar to the dune
systems studied in Israel, San Miguel Island
was heavily grazed by livestock prior to the
mid-1900s. However, in contrast to the situation in Israel, minimal subsequent disturbance
has occurred on the island since grazing
ceased completely in the 1960s. As part of
Channel Islands National Park, San Miguel
Island is protected by land management practices that have removed all nonnative herbivores and restricted human activity, allowing
for recovery of vegetation and biological soil
crusts. These conditions, combined with an

extensive aerial photograph archive and low
biodiversity, make San Miguel Island an appropriate site to conduct a chronosequence
assessment (Walker et al. 2010) of the changes
in vegetation communities and biological soil
crust development following disturbance.
In this study, a chronosequence approach
was used to evaluate the pattern of change
in vegetation communities and biological soil
crusts over an 80-year time span as the San
Miguel Island dunes stabilized after experiencing significant disturbance from livestock
grazing. The following questions were ad dressed: (1) How have the extent of active dunes
and vegetation cover changed in the central
dune field over the past 80 years? (2) Which
vegetation communities are present on dunes
representing 5 post-grazing historical periods
(prior to 1929, 1929–1954, 1954–1977, 1977–
2009, and 2009–present)? (3) Do the presence
and level of development (LOD) of biological
soil crust vary among the 5 time periods? (4)
Is the amount and LOD of biological soil crust
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related to the percent cover of vegetation or
the type of vegetation community present? (5)
Is the amount and LOD of biological soil crust
related to the percentage of fine particles in
the soil?
STUDY AREA
Located approximately 44 km southwest
from the coast of Santa Barbara, California, San
Miguel Island is the westernmost of the Northern Channel Islands (Fig. 1). At its farthest
extent, the island measures 13 km long and 6
km wide. San Miguel Island lies exposed to
the full force of the predominantly northwest
winds and the cool California current, which
sweeps south of Point Conception, making the
island one of the windiest and foggiest areas
on the west coast of North America. The climate of San Miguel Island follows a maritime
Mediterranean pattern that is similar to the rest
of coastal California, bringing wet winters, dry
summers, and mild temperatures year-round
(Western Regional Climate Center 2012).
Nearly two-thirds of the island is covered
by distinctively white coastal sand dunes. The
white color results from a high calcium carbonate (CaCO3) content, which composes approximately 40% of the sand ( Johnson 1972,
Muhs et al. 2009). Previous studies found that
the dunes accumulated in 3 stages that correspond to glacial periods during the Pleistocene when sea level was low (Johnson 1972,
Muhs 1992, Muhs et al. 2009): (1) the lowered
sea level exposed the carbonate-rich sand,
which is largely composed of the skeletal remains of sea-dwelling organisms; (2) the sands
were then carried by the wind and deposited
as dunes; and (3) the source of the sand was
cut off with the sea-level rise that accompanied the end of a glacial period. With no new
supplies of sand, the dunes may undergo stabilization by vegetation and weak cementation to eolianite. According to this conceptual
model, dunes on San Miguel Island should
have been stable since the close of the last
glacial period and the beginning of the Holocene, approximately 10,000 years before present.
However, postglacial sea-level rise, coastal
erosion, human activities (predominantly livestock grazing), and lightening-induced fires
have reactivated some of these dunes in both
prehistoric and historic time (Johnson 1980,
Erlandson et al. 2005).
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At present, San Miguel Island contains 3
dune areas, designated informally as the Western Dune Field, the Central Dune Field, and
the Eastern Dune Field. The main landforms
are linear dunes, with the long axes oriented
northwest to southeast, parallel to the direction
of the prevailing wind. The westernmost part of
the Western Dune Field consists primarily
of thin eolian sand over a laminar petrocalcic
horizon that developed in Pleistocene eolianite (often referred to as “caliche” in the literature). The easternmost part of the Western Dune
Field consists of vegetated linear dunes oriented northwest to southeast. The Eastern
Dune Field is still very active in places and
is currently fed by sand from the beach at
Cuyler Harbor. The Central Dune Field exhibits
the most drastic changes in active dune extent
based on the aerial photograph record. These
dunes are fed to some extent by sand from the
beach at Simonton Cove, but less so than is
the case in the Eastern Dune Field. The Central Dune Field was selected as the sampling
location for the field investigation because
of the pronounced revegetation of formerly
active sand in the past 80 years, following a
period of significant disturbance.
GRAZING HISTORY
The combination of drought events and
overintensive grazing has had significant negative impacts on vegetation communities and
has affected dune dynamics on San Miguel
Island since the mid-1800s. Historical accounts
from the 1850s describe San Miguel Island as
being covered almost entirely with grass and
shrubs (Alden 1852, Greenwell 1857, Davidson 1858 reviewed in Johnson 1980). Sheep
ranching began on the island sometime
around 1850, when ranchers from the California mainland discovered that San Miguel Island
offered an abundant food source for their livestock in a geographic setting that would not
require herding. By 1863, the island held
some 6000 sheep, 125 head of cattle, and 25
horses (Santa Barbara County Records Office,
Miscellaneous Book A, pp. 313–314). With a
total area of only 40.5 km2, the collective number of animals (about 6200) was likely well
beyond the island’s carrying capacity. In 1863–
1864, a severe drought affected southern California and lasted for nearly 3 years, starving
almost 80% of the livestock on San Miguel
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Annual Rainfall in Santa Barbara, CA
1868 - 2011
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Fig. 2. Annual precipitation record from Santa Barbara, California, 1868–2011. Redrawn from a graph obtained from
the county of Santa Barbara Online (2012). Drought and low-rainfall years mentioned in the literature as contributing
factors to vegetation denudation on San Miguel Island are shown in red.

Island (Ellison 1937). During this drought, the
majority of the available vegetation on the
island was consumed, often including the roots.
Additional droughts struck coastal California
in 1870–1872, 1877, and 1897–1900 (Fig. 2).
In the decades after each great drought, much
of San Miguel Island was covered with drifting sand and blowing soil (Johnson 1980, Erlandson et al. 2005). During the low-rainfall
years of 1923–1924, all livestock were removed
from the island because of a lack of food
(Johnson 1980), but sheep were later brought
back (year unknown). The majority of the
sheep were finally removed in 1950, although
limited sheep ranching continued until July
1966 (Roberts 1991), when the last sheep were
removed, ending over a century of livestock
grazing (Roberts 1991).
Livestock ranching had a pronounced effect
on the geomorphology of San Miguel Island
that is evident in the present-day landscape.
Grazing and trampling removed vegetation,
allowing soils to be easily eroded and dunes to

be reactivated by the strong winds. In many
areas, the soil was eroded down to the impermeable petrocalcic horizon. Severe water erosion cut deep ravines that now dissect large
areas of the inland landscape and caused gullying along the periphery of the entire island
(Johnson 1980). To illustrate how the past disturbance, removal of livestock, and subsequent
recovery of the vegetation altered the landscape
of San Miguel Island, Johnson (1972, 1980)
compiled hand-drawn maps dating from 1871,
1893, and 1910, and aerial photograph mosaics
from 1929 through 1972. These aerial photographs show a progressive recovery of dune
vegetation that has been reducing the extent
of the active dunes since 1929, especially after
the majority of sheep were removed in 1950.
Dune Vegetation Communities
on San Miguel Island
Vascular vegetation on San Miguel Island is
dominated by native species. About 220 different plants are found on the island, including
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TABLE 1. Dominant species in San Miguel Island dune vegetation communities.
Vegetation community

Latin name

Common name

Pioneer Coastal Dune Scrub

Cakile maritima
Malacothrix incana
Ambrosia chamissonis
Astragalus traskiae
Abronia umbellata
Carpobrotus sp.
Cakile maritima
Malacothrix incana
Ambrosia chamissonis
Astragalus traskiae
Abronia umbellata
Carpobrotus sp.
Calystegia macrostegia
Erigeron glaucus
Camissonia cheiranthifolia
Isocoma menziesii
Calystegia macrostegia
Bromus sp.
Astragalus traskiae
Carpobrotus sp.
Lupinus albifrons
Baccharis pilularis
Bromus sp.
Lupinus albifrons
Carpobrotus sp.
Leptosyne gigantea
Avena sp.
Bromus sp.
Carpobrotus sp.
Isocoma menziesii
Achillea millefolium
Carpobrotus sp.

sea-rocket
dunedelion
beach-bur
locoweed
beach sand-verbena
iceplant or sea fig
sea-rocket
dunedelion
beach-bur
locoweed
beach sand-verbena
iceplant or sea fig
island morning-glory
seaside daisy
beach primrose
coastal goldenbush
island morning-glory
ripgut brome, soft chess
locoweed
iceplant or sea fig
silver lupine
coyote brush
ripgut brome, soft chess
silver lupine
iceplant or sea fig
giant coreopsis
slender wild oats
ripgut brome, soft chess
iceplant or sea fig
coastal goldenbush
yarrow
iceplant or sea fig

Mixed Coastal Dune Scrub

Mixed Goldenbush Scrub

Lupine Scrub
Coyote-Brush Scrub

Coreopsis Scrub
Grassland
Iceplant Carpet
Caliche Scrub

island endemics, other natives, and introduced
plants (Junak et al. 2007). Currently, there are
no large trees or shrubs on San Miguel Island,
but beach and coastal dune vegetation communities are widespread. The vegetation communities present on the San Miguel Island
dunes are similar to a subset of the communities described for San Nicolas Island by Junak
(2008). San Nicolas Island, another of the California Channel Islands, is very similar to San
Miguel Island in climate, vegetation communities, landforms, and history of dune vegetation disturbance by grazing (Vedder and Norris
1963, Junak 2008).
Eight of the San Nicolas plant communities
described by Junak (2008) were identified on
San Miguel Island. These include the southern
beach and coastal dune scrub, valley and foothill
grassland, annual iceplant, caliche scrub, mixed
goldenbush scrub, coyote-brush scrub, lupine
scrub, and coreopsis scrub communities. However, Junak’s classification was modified in this
study by recognizing that there are some

differences in codominant species and associates (Table 1). For example, the “valley and
foothill grassland” community on San Nicolas
Island (Junak 2008) contains species that were
not identified on San Miguel Island. For this
study, the grass-dominated community was
classified simply as “grassland.” Junak’s “southern beach and coastal dune scrub” community
was broken into 2 communities for this
study—“pioneer coastal dune scrub” and “mixed
coastal dune scrub”—to represent 2 distinct
communities apparent during the early stages
of succession within the coastal dune scrub
community on San Miguel Island. Finally, the
iceplant-dominated community identified on
San Nicolas Island and classified as “annual
iceplant” by Junak (2008) is composed of a different species than the iceplant found on San
Miguel Island, which is commonly known as
“sea fig.” For this study, the community was
classified as “iceplant carpet,” which is a community name that has been used previously
for San Miguel Island ( Junak et al. 2007).
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Table 1 lists the vegetation communities and
dominant species used for identification within the study area. Detailed descriptions of
the plant communities present on San Miguel
Island can be found in Zellman (2012).
Invasive plant species comprise over 25%
of the known plants within Channel Islands
National Park (Junak et al. 2007). The primary
invasive taxa on San Miguel Island are 2 genera of iceplant (Carpobrotus sp. and Mesembryanthemum sp.), both of which are creeping
succulent plants native to South Africa. They
were introduced to California in the early 1900s
to aid in slope stabilization. These plants pose
a serious ecological problem because they
form vast monospecific zones, lower biodiversity, and compete directly with native plant
species for nutrients, water, light, and space
(D’Antonio 1993).
METHODS
Analysis of Historical Aerial Photographs
This study extends the aerial photograph
record presented by Johnson (1980) an additional 37 years, to 2009 (Fig. 3). Although not
all of the images Johnson used were available,
aerial photographs were acquired from the
University of California Santa Barbara (UCSB)
Map Library and the U.S. Geological Survey
(USGS) archives from the years 1929, 1940,
1954, 1960, 1967, 1977, 1983, 1994, and 2009.
With the exception of the 2009 Digital
Orthophoto Quarter Quad (DOQQ), all of the
images were scanned from hard-copy aerial
photographs and were not orthorectified or
georeferenced. For this study, the 1929, 1954,
and 1977 aerial photographs were selected to
represent a chronosequence for analysis of
active dune extents and patterns of vegetation
and biological soil crust over intervals of
approximately 25–30 years. The most recent
high-resolution aerial photographs of the
island, taken in 2009, were used to determine
the approximate present-day extent of active
dunes and the change in extent of active dunes
since 1977. Thus, the chronosequence represents 5 historical postgrazing periods: pre1929, 1929–1954, 1954–1977, 1977–2009, and
2009–2011.
To georeference the historical aerial photographs, the 2009 DOQQ and Light Detection
and Ranging (LiDAR) data collected by NOAA
in 2010 were loaded into the Environmental
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Systems Research Institute’s (ESRI) ArcGIS
software to serve as base images. Many geologic and geographic features on the island
were visible on both the historical photo graphs and the 2009 DOQQ or on a hillshade
generated from the LiDAR imagery. These
features were used as control points for georeferencing the historical aerial photographs
and rectifying them as accurately as possible
to a common reference map projection, given
that the scale and resolution of the photographs were different for each date (Table
2). The georeferenced images were used in
ArcGIS to digitize the extent of active sand
dunes (defined as areas that had the characteristically white surface color of the sand and
<10% vegetation canopy cover) from the 1929,
1954, 1977, and 2009 aerial photographs.
Beaches were included in the active dune
extents because they supply sand to the dunes
and are therefore considered part of the active
dune system. A shapefile representing the current shoreline of San Miguel Island was generated from Interferometric Synthetic Aperture Radar (IfSAR) data collected in 2003.
Polygons representing the active dune extents
for the 1929, 1954, 1977, and 2009 images
were layered in ArcGIS to quantify and display the change in active dune extent between
1929, 1954, 1977, and 2009 (Fig. 4).
Field Surveys of Vegetation
and Biological Soil Crusts
Sites for field investigation were identified
in ArcGIS using the historical active dune
extents for each of the 5 time periods. Site
selection was subjective and intended to represent the range of conditions present on the
San Miguel Island dunes. Thirty locations for
field survey transects were selected throughout the Central Dune Field and were distributed to ensure that multiple transect lines
covered each of the map units of interest: (1)
dunes that are presently active; (2) dunes that
stabilized between 1977 and 2009; (3) dunes
that stabilized between 1954 and 1977; (4)
dunes that stabilized between 1929 and 1954;
and (5) areas outside of the dune fields that
were never active over the course of the aerial
photograph record (Fig. 4). The 200-m sampling transects were oriented perpendicular
to the long axes of the linear dunes (Fig. 4).
All field measurements were made between
1 August and 10 August 2011.
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Fig. 3. Aerial photographs of the Central Dune Field: a, 1929; b, 1954; c, 1977; d, 2009.

TABLE 2. Aerial photograph date of acquisition and scale.
Year of
acquisition
1929
1954
1977
2009

Day-month of
acquisition
1-Jun
13-Mar
14-Mar
Unknown

Resolution
or scale
1:18,000
1:20,000
1:65,117
1 ft.

Along each 200-m transect, the vegetation
communities were measured using a modified
version of the line-intercept method described
by Canfield (1941). Typically, this method is
used for determining the percent cover of each
plant species within one vegetation community.
Because species-level sampling was beyond
the scope of this study, the line-intercept
method was modified to measure the length of
each vegetation community along the transect
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Fig. 4. Transect locations and historical active dune extent polygons in the Central Dune Field (1929–2009). Shading
indicates areas of active dunes in the respective aerial photograph.

line. Each vegetation community was identified based on Junak’s (2008) vegetation community classifications for San Nicolas Island
(described above; Table 1). The following
information was recorded along each transect:
the distance covered by each vegetation community along the transect line, the percentage
of ground covered by vascular vegetation
within that community type (e.g., coyote-brush
scrub was present along 20 m of a transect with
80% cover on average within that section), the
distance along the transect covered by bare
ground (<10% vegetation), if present, and a
simple description of the soil color and texture
(e.g., light, sandy soil; dark, fine-grained soil;
presence of a petrocalcic horizon; etc.).
When a stand (patch) of biological soil crust
was encountered along each transect, the biological soil crust type (cyanobacteria, moss,
lichen) and the diameter of the soil crust stand
were recorded. Each biological soil crust was
examined and assigned an LOD classification
(Fig. 5). The classifications were based on

Belnap et al.’s (2008) LOD index for the visual
assessment of cyanobacterially dominated biological soil crust development and soil surface
stability. Belnap et al. recognize 6 LOD classes,
based on color (lightness or darkness), that
cover the range of development of cyanobacterially dominated biological soil crusts found
in southeastern Utah, USA. In this study, the 6
LOD classes were modified to represent the
range of biological soil crust LODs found on
San Miguel Island (Fig. 5): class 1 represents
the lightest color of cyanobacteria stands, and
class 6 represents the darkest color of cyanobacteria stands. The classes also represent increasing surface roughness with higher LOD.
Samples of soil supporting biological soil crust
development were also collected from each
patch for soil particle size analysis in the laboratory. Because only the surface layer of soil
containing biological soil crusts was of interest to this study, a spot sampling technique
was employed. Care was taken to sample only
the soil attached to, and directly underneath, the
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Fig. 5. San Miguel Island Biological Soil Crust Development Index. Classifications were based on Belnap et al.’s
(2008) LOD index for the visual assessment of cyanobacterially dominated biological soil crust development and soil
surface stability. Six LOD classes are shown, based on color (lightness or darkness). These LOD classes cover the range
of development of cyanobacterially dominated biological soil crusts found on San Miguel Island. Class 1 represents the
lightest color of cyanobacteria stands, and class 6 represents the darkest cyanobacteria-dominated areas. The classes also
represent increasing surface roughness with higher LOD.
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biological soil crust by using a masonry trowel
to “skim” the surface of the dune. At least 50 g
of soil was collected at each sample location.
Spatial Data Analysis
To quantify the proportion of each vegetation community present in each of the 5 time
periods examined, spatial analysis was performed using ArcGIS. Lines representing
each survey transect were created in ArcGIS.
The lines were then converted to a series of
points spaced 1 m apart and covering the
length of each transect. Each point was
assigned the data that were collected in the
field for the vegetation community and biological soil crust development at that location.
Using the GIS polygons of the active dune
extents, we also classified each point as representing the time period during which the
dune appears stable (i.e., on a dune that had
stabilized before 1929, between 1929 and 1954,
between 1954 and 1977, or between 2009 and
2011). Vegetation community boundaries are
“fuzzy” by nature, and some spatial error was
introduced during the georeferencing of the
historical aerial photographs, given their different original resolutions and projections. To
minimize this source of error, a 10-m buffer
was applied to both sides of the dune-extent
boundaries representing each of the 5 time
periods. Any transect sample points that had
fallen within the buffer area were removed
(Appendix B in Zellman 2012). The final sample size of transect points representing dunes
at each of the 5 periods was 726 points for
dunes that stabilized before 1929; 1496 for the
period 1929–1954; 1100 for the period 1954–
1977; 568 for the period 1977–2009; and 175
for 2009–2011.
For each of the 5 time periods, we calculated the average proportion of each vegetation community type present and the average
proportion of bare ground (patches of exposed
sand or soil that were between areas covered
by vegetation communities). The percentage
of exotic communities present in each period
was also calculated. Finally, the average percent cover of vegetation for dunes across all
community types in each of the 5 time periods
was compared. We identified all transect sections in which vegetation was present and calculated the average and range of all the cover
percentages recorded for those sections for
each of the 5 time periods.
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Soil Particle Size Analysis
Particle size analyses were conducted to
test the relationship between biological soil
crust LOD and particle size of the soil that
the crusts bind. Thirty samples consisting of
a subset from each biological soil crust LOD
were randomly selected for analysis.
PRETREATMENT AND DISPERSION.—The
first step in the mechanical pretreatment of
the San Miguel Island samples was to follow
standard protocol for disaggregation of unconsolidated sediments as outlined in Folk
(1974). The samples were placed into a mortar
and gently disaggregated with a rubber cork–
tipped pestle. The second step was to run each
sample through a 1.0-mm sieve to remove
large organic fragments, such as sticks and
grass. The remainder of organic material was
then removed through chemical treatment by
treating each sample with a 30% hydrogen
peroxide (H2O2) solution. Each sample was
placed into a beaker and approximately 100
mL of hydrogen peroxide was added. Additional hydrogen peroxide was added as
needed until all of the organic matter within
the sample was consumed and the solution
no longer displayed visible signs of reaction.
This process took several days for samples
with lower levels of biological soil crust
development (LOD 1–2), approximately one
month for samples with middle LODs (LOD
3–4), and nearly 2 months for samples with
higher LODs (LOD 5–6).
Once the organic material in each sample
was destroyed, the samples were washed into
centrifuge containers by using distilled water.
The samples were then spun in a centrifuge at
2500 RPM for 15 min to separate the soil from
the distilled water and were then decanted.
Next, 25 mL of sodium hexametaphosphate,
Na(PO3)6, was added to each sample to disperse clastic soil particles. Sodium hexametaphosphate was chosen because it is particularly effective for dispersing calcareous soils
without the prior removal of alkaline earth
carbonates (Day 1965). Dispersion requires that
the particles be separated by mechanical
shearing action of turbulent mixing; therefore,
each sample was placed in an ultrasonic bath
for 15 min, and then allowed to sit in the
sodium hexametaphosphate solution overnight.
The samples were placed again in the ultrasonic bath for an additional 15 min the next
day, just prior to sieving.
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SIEVING.—The wet-sieving technique described by Day (1965) was employed to separate the sand and fine-grained particles. A 53mm sieve was used to separate the coarse silt
from the sand particles. A 38-mm sieve was
placed below that to separate the coarse silt
from the fine silt and clay particles. Samples
were carefully sieved with distilled water until
a visibly complete separation of the coarse and
fine grains was achieved.
The fractions of sample collected in each
sieve were carefully washed into labeled and
preweighed Teflon beakers, which were then
placed in a laboratory oven to dry overnight at
100 °C. The ultrafine particles and water with
dispersant that collected in the beaker placed
below the sieves were carefully washed into containers, which were then placed back into the
centrifuge at 2500 RPM to once again separate
the fine grains from suspension. The supernatant solution containing sodium hexametaphosphate was then poured off, and the sample was washed 3 times with distilled water
to remove the dispersant. This fraction of the
sample was carefully washed into a Teflon
beaker, which was then placed into the laboratory oven to dry overnight at 100 °C.
Once dry, each fraction of sample was
weighed in a beaker, and the weight of the
beaker was subtracted to obtain the weight of
each sample fraction (sand, coarse silts, and
fine silts/clay). Each sample fraction weight
was then divided by the total weight of the
treated sample to determine the percentage of
each particle-size category. The percentage
of organic matter was also determined by subtracting the total weight of the treated sample
from the initial sample weight and dividing
the difference by the initial sample weight.
RESULTS
Spatial and Temporal Analysis
of Active Dune Extents
The extent of active dunes (<10% vegetation
cover) in the Central Dune Field has changed
markedly since 1929. In 1929, approximately
12.83 km2 of the Central Dune Field was covered in active dunes. In 1954, the active dunes
covered about 6.21 km2, and by 1977 the area
of active dunes was reduced to 2.67 km2. In
2009, the extent of active dunes in the Central
Dune Field was approximately 0.91 km2. These
data indicate that the extent of active dunes
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has decreased by more than 50% approximately every 25 years since the start of the
aerial photograph record. Between 1929 and
1954, 52% of the previously active dunes in
the Central Dune Field stabilized with vegetation. By 1977, 57% of the dunes that were
active in 1954 had stabilized. Between 1977
and 2009, 65% of the remaining dunes stabilized with vegetation.
Patterns of Change in Vegetation
Communities over Time
AREAS STABILIZED PRIOR TO 1929.—Areas
that were vegetated as of 1929, based on the
aerial photographic evidence, were either stabilized by 1929 after previous disturbance or
were not affected as severely by previous disturbance (i.e., had never been active). Because
no photographs prior to 1929 are known to
exist, it is not possible to determine which of
these scenarios is correct. The sections of the
survey transects that were stabilized by 1929
are dominated by the exotic grassland community (43%; Table 3), composed primarily of
annual Avena sp. (slender wild oats) and Bromus spp. (ripgut brome and soft chess). As of
2011, the average canopy cover within all
vegetation community types is 94% (SD 13%).
The grassland communities within this period
of stabilization are found in association with
both dark, fine-grained soils and grey, sandy
soils (approximately 55% and 45% of the area
surveyed, respectively).
DUNES STABILIZED BETWEEN 1929 AND
1954.—This time interval includes areas that
appear active on the 1929 aerial photographs
but that were vegetated by the time the 1954
aerial photographs were taken. The plant communities in areas that were stabilized be tween 1929 and 1954 are dominated by the
native scrub communities (mixed golden bush scrub—18%, lupine scrub—23%, coyotebrush scrub—24%, and coreopsis scrub—13%;
Table 3). The average total vegetation canopy
cover within all vegetation community types
is 87% (SD 25%). These communities are all
found growing on gray, sandy soil.
DUNES STABILIZED BETWEEN 1954 AND
1977.—This time interval includes areas that
appear active on the 1954 aerial photographs
but that were vegetated by the time the 1977
aerial photographs were taken. The plant communities in areas that were stabilized between
1954 and 1977 are dominated by the native
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scrub communities (lupine scrub—21%, coyotebrush scrub—33%, and coreopsis scrub—
18%; Table 3). The average canopy cover
within all vegetation community types is 86%
(SD 22%). These communities are all found
growing on gray, sandy soil.
DUNES STABILIZED BETWEEN 1977 AND
2009.—This time interval includes areas that
appear active on the 1977 aerial photographs
but that were vegetated by the time the 2009
aerial photographs were taken. The plant communities in areas that were stabilized between
1977 and 2009 are dominated by coyote-brush
scrub (51%; Table 3). The average canopy
cover within all vegetation community types is
81% (SD 26%). These communities are all
found growing on light to gray sandy soil.
DUNES ACTIVE IN 2009.—Areas that appear
active in the 2009 aerial photograph were
further classified in the field in 2011 into 2
types: dunes that started to stabilize since 2009
and had >10% vegetation cover present; and
dunes that were still active with <10% vegetation cover and more than 90% exposed sand.
In the areas that had started to stabilize since
2009, 75% of the area surveyed is covered
with vegetation, and the average canopy cover
of these communities is 25% (SD 32%). Vegetation is dominated by the pioneer coastal
dune scrub community (65% of all plant communities present; Table 3). Both the active and
stabilized dunes consisted of light, sandy soil.
Biological Soil Crust Development
Biological soil crust development was not
visible on any of the active dunes that lacked
vascular vegetation in 2011 (Table 4). Small
stands (measuring <50 cm in diameter) of
cyanobacteria LOD class 1–3 were observed
on dunes in early stages of stabilization (since
2009) that exhibit sparse pioneer coastal dune
scrub vegetation. These stands of cyanobacteria
are present only on the soil near the base of
the plants and at a relatively high frequency
(34 of 100 total occurrences were recorded in
this setting; Table 4). Over all 5 time periods,
biological soil crusts were seen occasionally in
the mixed goldenbush scrub, lupine scrub,
coyote-brush scrub, and coreopsis scrub communities, with LOD ranging from class 1 to 6,
but most commonly occurring in class 1 to 3.
These stands diminish in size and occurrence
as the percentage of vascular vegetation cover
increases (Table 4). Areas classified as 100%
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vegetation cover show negligible biological
soil crust development under the plants. The
most consistently well-developed stands of
biological soil crust grow within the caliche
scrub community on the surface of the exhumed petrocalcic horizon and in areas outside of the stabilized dunes on dark, finegrained soils.
Biological soil crust stands were found
more frequently in areas with sparse vascular
vegetation cover than in areas with dense
cover or in areas with no vascular plants
(Table 4). Lower levels of biological soil crust
development (LOD 1–3) were observed on
dunes that appeared active in the 2009 aerial
photographs but that had started to stabilize
by 2011 (Table 4). Soil crusts were rarely
observed in areas where dunes appear stabilized in the 1929 aerial photographs, where
the vascular vegetation ground cover is dense
and composed predominantly of the annual
grassland community. Areas that stabilized
between 1929 and 2009 contain more soil
crust stands and exhibit a wide range of crust
LODs (Table 4).
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TABLE 4. Biological soil crust (BSC) occurrence, size, and level of development (LOD) by period of dune stabilization.
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The particle-size distribution of the 30 soil
samples collected within the study area shows
a trend towards an increase in fine silt and
clay content of soils with higher biological soil
crust LOD. The control samples, which displayed no visible biological soil crust development, contained an average of 1.9% fine silt
and clay. Samples with low levels of biological
soil crust development (LOD 1–3) contain an
average of 2.2% fine silt and clay. In contrast,
samples with higher levels of biological soil
crust development (LOD 4–6) contain an
average of 17.6% fine silt and clay. The sand
content is high, as expected, in all of the samples, ranging from 60.3% to 99.4%. The coarse
silt content of the samples is consistently very
low, ranging from 0% to 3.4%, with a slight
increase in higher levels of biological soil
crust development (LOD 4–6).
Three samples classified as high LOD do
not show a significant increase in fine silt and
clay. During the dispersant removal process,
these samples had very fine particles that
remained in suspension despite repeated centrifuging. Thus, many of these fine particles
were likely removed when the supernatant
was poured off the samples during the washing
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process. Therefore, these outliers may not
accurately represent the fine silt and clay content of the original samples.
DISCUSSION
Patterns of Change in Vegetation
Communities on Stabilizing Dunes
The results of both aerial photo analysis
and field surveys demonstrate that total vegetation cover on San Miguel Island has been
steadily increasing since the removal of grazing animals, despite multiple periods of lowrainfall or drought conditions (Fig. 2). The
active dune extent in the Central Dune Field
has dwindled from 12.8 km2 in 1929 to 0.9
km 2 in 2009, with an average decrease of
about 50% every 25–30 years. On the dunes
that stabilized most recently (between 2009
and 2011), 75% of the area surveyed was covered with vegetation with an average canopy
cover of 25%; only 25% of survey points fell on
exposed sand or soils. On dunes that stabilized before 1929 and between 1929 and 2009,
100% of survey points were within vegetated
areas, and the average canopy cover of all the
plant communities in those areas ranged from
80% to 93%, with similar or decreasing amounts
of variation in cover over time (standard deviations in the range of 26%–13%).
In some postgrazing decades, rainfall was
as low as it was during some droughts that
contributed to the reactivation of dunes during the periods of heaviest grazing (e.g., Johnson 1980; Fig. 2). Perhaps in the case of San
Miguel Island, short-term rainfall variability
does not pose a major threat to the dune vegetation in the absence of other disturbances.
This hypothesis contrasts with studies conducted in the Great Plains of North America.
For example, Muhs and Holliday (1995) found
that droughts, which result in diminished vegetation cover, were likely a contributing factor
to the dune reactivation that occurred during
the 19th century in Nebraska, Colorado, Kansas,
New Mexico, and Texas. Both San Miguel Island
and the Great Plains of North America have
semiarid environments. However, San Miguel
Island is frequently engulfed in a dense fog
due to the atmospheric marine layer that surrounds the island. Without additional disturbance, such as grazing, this fog may contribute
enough additional moisture to sustain dune
vegetation during dry periods.
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High grassland cover was found on dunes
that appeared stabilized in the 1929 aerial
photographs. High pioneer coastal dune scrub
cover was found on dunes stabilized since
2009, but overlaps in vegetation community
types were present on dunes that appear stabilized in the 3 sets of photographs that represent intermediate periods (1929–1954, 1954–
1977, and 1977–2009; Fig. 6). These overlaps
indicate that there may be more than one successional pathway present on the stabilized
dunes within the study area, or that succession
does not follow a linear trajectory. In recently
stabilized areas (i.e., areas stabilized between
2009 and 2011), the pioneer coastal dune
scrub community is clearly the first vegetation
community to colonize the active dunes. The
mixed coastal dune scrub community was also
found in these recently stabilized areas and
appeared to be associated with the pioneer
coastal dune scrub community based on field
observations; however, the methods used in
this study did not allow quantification of how
long it takes for the pioneer coastal dune
scrub community to transition into this more
diverse community. Because the mixed coastal
dune scrub community was rarely encountered on any dunes, it may have a short-lived,
transitory, or variable role in succession. This
community may only develop in certain topographic settings. In addition to the 2 coastal
dune scrub communities, dunes at the earliest
stages of stabilization included a small proportion of the exotic iceplant community.
During the intermediate periods examined
(1929–1954, 1954–1977, and 1977–2009), dunes
were mostly covered with native woody shrub
communities—mixed goldenbush scrub, lupine
scrub, coyote-brush scrub, and coreopsis
scrub—in fairly similar proportions in each of
the 3 time periods (Fig. 6). According to Sawyer
and Keeler-Wolf (2009), studies from coastal
dunes on the California mainland have shown
that the lupine scrub community invades
areas that were previously stabilized by
coastal dune scrub. Later, the coyote-brush
scrub community invades the areas that were
previously colonized by lupine scrub. Because
the transitions among these communities
occur relatively rapidly, it was not possible to
determine if the same pattern is represented
on the San Miguel Island dunes, or if succession is occurring along multiple or cyclic pathways. Perhaps, in the selection of 25-year
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Fig. 6. Vegetation communities by time period. There are distinct differences in the vegetation communities present
on dunes at both the oldest (prior to 1929) and the most recent (since 2009) periods but overlaps in vegetation community patterns for the 3 intermediate periods (1977–2009, 1954–1977, and 1929–1954).

intervals for analysis, dunes with more and
less recent disturbance histories within those
time frames were pooled together. This situation might have minimized the differences
that existed among intermediate phases of
succession. Alternatively, the presence of all 4
of the native shrub communities across the
chronosequence could be the result of variations in environmental conditions across the
study area, such as topography and soil moisture (Corry 2006).
Within the study area, the combined coverage of the native mixed goldenbush scrub,
lupine scrub, coyote-brush scrub, and coreopsis scrub communities decreased with longer
periods of stabilization, whereas the coverage
of the exotic grassland and iceplant carpet
communities increased. Some of the increased
occurrence of grassland in areas that were stable in the 1929 aerial photographs may be
attributed to soil texture, considering that over
half of the area surveyed (55%) contained
dark, fine-grained soils. Many studies have
found an association of exotic grasslands with
finer-grained soils (e.g., Hobbs 1983, Young et
al. 1999), presumably because the lower permeability favors the shallow-rooted grasses
and allows less moisture to percolate to the
rooting depth of perennial plants (Corry 2006).
However, this does not explain the increase in

grassland on the stabilized dunes that are
composed of sandy soils. It is possible that the
exotic grasses colonize sandy soils only after
they have been altered by many years of
native vegetation succession. The grasses may
then outcompete the native vegetation for soil
moisture, thus eventually replacing the nativedominant communities with exotic-dominant
grassland community. A second, and perhaps
more likely, possibility is that the stabilized
dunes in the 1929 aerial photographs were
colonized initially by invasive grasses, and
these exotic communities have persisted over
time. Exotic grasses are often more tolerant to
anthropogenic impacts than native vegetation
(D’Antonio and Vitousek 1992). In the case of
San Miguel Island, the majority of the grazing
livestock was removed prior to 1929. However, some grazing animals were present until
1966. During the early periods of stabilization,
when the landscape was still experiencing
some degree of grazing pressure, exotic grasses
may have been the species most capable of
growing on the dunes.
The caliche scrub community occupies all
areas where a petrocalcic horizon is exposed,
indicating that the community is edaphically
specialized to these unusual conditions. Also,
the caliche scrub community shows little to no
change in distribution over time. It is possible
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that, prior to grazing, soils had not eroded to
an extent that resulted in exposure of the
petrocalcic horizon at the surface. Thus, the
caliche scrub community may not have existed
prior to grazing. The lack of caliche scrub
communities and exposed petrocalcic horizons
in areas that were stabilized in the 1929 aerial
photographs could indicate that these areas
were not affected as severely, or at all, by the
most recent vegetation denudation episode.
Large sections of this area consist of dark,
fine-grained soils that were developed in
parent materials other than dune sand. These
soils may have been affected differently by
grazing than the areas of stabilized dunes.
However, nearly half (45%) of the study area
that appears stable in the 1929 aerial photographs consists of stabilized dune sand. Since
the caliche scrub community is not found in
areas stabilized in the 1929 aerial photo graphs, the 1929 aerial photographs may display
nearly the full spatial extent of the denudation
of vegetation that resulted from overgrazing.
The Role of Biological Soil
Crusts in Dune Stabilization
The amount and LOD of the biological soil
crusts vary across the time periods represented by the aerial photographs. Low biological soil crust LODs are associated with the
dunes that have been stabilized the longest
(in the 1929 aerial photographs) and with the
dunes that have recently been stabilized
(2009–2011). In contrast, higher biological
soil crust LODs are associated with dunes
that stabilized during the intermediate time
periods (1929–1954, 1954–1977, and 1977–
2009). Furthermore, the amount of biological
soil crust stands generally increases with decreasing percent cover of vegetation. However, it is apparent that at least sparse vegetation cover is a prerequisite to biological soil
crust development on the San Miguel Island
dunes. Stands of crust were found near the
base of vascular plants nearly everywhere they
occurred, and they were typically small (<50
cm in diameter), indicating that fog drip from
vascular plants may play a critical role in biological soil crust development on San Miguel
Island. However, although biological soil crusts
were never found in the absence of vascular
plants, many areas had vascular plants but
lacked crusts. These findings contrast with
several studies, mostly from Israel, that found
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biological soil crust covering vast expanses of
many dunes and acting as a primary stabilizer
(Danin and Yaalon 1982, Tsoar and Moller
1986, Danin et al. 1989, Hesp 1991, Leys and
Eldridge 1998, Levin et al. 2007).
The contrast between the extensive biological soil crust development on Israeli dunes
and their limited development on San Miguel
Island dunes may be explained by differences
in the amount of dust available for capture by
established biological soil crust stands. It is
well accepted that biological soil crusts reach
higher LODs through the trapping of atmospheric dust (Belnap 1994, 2001, Williams et al.
2013). Indeed, the particle-size analysis on
samples collected from the study area re vealed that there is a trend toward more fine
silt and clay particles in soils with higher LOD
classifications. Heavy dust storms are common
in Israel, with an average of 19 storms occurring each year (Ganor 1994). These wind
events transport suspended particles of fine
silt and clay from the Sahara Desert over the
Mediterranean Sea. Much of the dust, however, settles en route over Israel (Ganor 1991,
1994). Similarly, Santa Ana wind events transport fine silt and clay particles from drainages
in the coastal mountains of southern California
and the Mojave Desert to the eastern Pacific
Ocean and the California Channel Islands
(Muhs et al. 2007). However, satellite imagery
taken during a Santa Ana event on 6 January
2002 shows that San Miguel Island is located
outside the path taken by typical Santa Ana
wind events. It is also likely that the amount of
sand saltation is higher on San Miguel Island,
which could explain why stands of cyanobacteria are common on the dunes, but mosses
and lichens are rarely encountered. Cyanobacteria thrive on active dunes because they are
motile and capable of moving to reclaim soil
surfaces after burial by a thin layer of sand
(Williams et al. 2013). As Belnap (1994) explains,
this adaptation allows cyanobacteria to bind
soil particles far below the depth to which
light can penetrate, thus facilitating some
degree of increased soil stability while still allowing for moderate saltation. In contrast, mosses and lichens require a stable substrate, and
are unable to grow on soils experiencing even
moderate sand saltation (Williams et al. 2013).
The occurrence of biological soil crusts in
early and intermediate phases of dune stabilization, as well as the absence of crusts on

242

MONOGRAPHS OF THE WESTERN NORTH AMERICAN NATURALIST

active dunes and those that stabilized prior to
1929, may indicate that the role of crusts in
the stabilization process is transitory. Although
biological soil crusts were not widespread on
the San Miguel Island dunes, their importance should not be underestimated. Their
presence on the dunes likely facilitates vascular vegetation development and patterns of
change in vegetation communities. The extensive amount of laboratory time required to
remove the organic matter from soil samples
that contain biological soil crusts is a testament to the ability of these organisms to bind
soil particles together. During drought years,
when vascular vegetation is stressed, the binding properties of the biological soil crusts that
develop at the base of plants may be the only
protection from soil loss due to erosive forces
(Eldridge and Leys 2003).
Implications for Management and
Future Research Directions
The results of this study have important
implications for the management of coastal
sand dunes within the Channel Islands National
Park. The finding that vascular vegetation, not
biological soil crust, is the primary stabilizer
of the San Miguel Island dunes indicates that
the stabilization of the dunes could be threatened by periods of prolonged aridity. Nevertheless, the vegetation communities appear
to be resistant to short-term dry periods, because the aerial photograph record reveals a
continual increase in total vegetation cover
despite the multiple low-rainfall years that
have occurred since the removal of grazing
sheep. The findings presented here indicate
that vegetation cover will likely be sustained,
or continue to increase, in the absence of
major changes in climate conditions and other
disturbances. The National Park Service has
already limited disturbances to the San Miguel
Island dunes through the removal of non native animals and a strictly controlled visitor
program, allowing the dunes to continue to
stabilize over time. However, the observation
that the longest-established vegetation communities in the study area were dominated by
exotic grasses, and that some exotic species
were present on dunes at each of the 5 time
periods examined, suggests that native vegetation communities on the dunes may be vulnerable to encroachment by exotic plants during
the later stages of succession.
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This study represents a pilot assessment of
many aspects of dune vegetation community
development on San Miguel Island since 1929.
Future studies could utilize a more systematic
sampling design and regular (ideally annual)
monitoring of vegetation and biological soil
crusts to identify relationships among physical
and ecological processes and factors. It may be
especially important to focus on dunes at the
earliest and latest stages of stabilization, in
which—based on results presented here—the
most rapid and/or significant changes to vegetation communities may occur. The rapid
nature of vegetation community establishment
is evident from the finding that some of the
dunes shown as active (100% exposed sand) in
the aerial photo from 2009 had 75% vegetation
cover and 25% exposed sand only 2 years later,
in 2011. The average canopy cover of the communities in these areas was considerably
lower (25%, SD 32%) than on dunes that had
stabilized at earlier times; average canopy covers of 81%–87% (SD 26%–20%), respectively,
were measured for vegetation communities on
dunes that stabilized between 2009 and 1929.
The striking differences in vegetation community types and cover in the earliest period (in
the 1929 aerial photographs) compared to the
subsequent period (1929–1954) suggest that
monitoring newly stabilizing areas over 1–25
years would clarify when and how shifts in
communities take place, as well as reveal the
possible role of biological crust formation in
these processes. An abrupt transition is also
evident in the finding that a high percentage
of nonnative grassland communities was present
on dunes in the 1929 aerial photographs (43%
cover of exotic grasses) in contrast to dunes
in all periods occurring after 1929 (0%–10%
grassland community).
Monitoring “older” dunes might reveal the
times and conditions at which encroachment
of native shrub communities by exotic species
is most likely to occur and the factors influencing the disappearance of biological soil crusts
in these areas. To evaluate relationships
among ecological and physical processes more
thoroughly, permanent monitoring plots or
transects could be established in locations
identified from the GIS layers in the present
study that represent the diversity of topographic
positions, slopes, aspects, and insolation across
the study area, in addition to capturing a gradient of time since stabilization. Within plots
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or transects, it should be possible to measure
percent cover and diversity of vegetation and
biological soil crusts using the same methods
in order to facilitate comparisons and analyses
that were beyond the scope of the present
study. Ideally, there could be equal sampling
in all the conditions of interest; the distribution of the transects in the present study
across the Central Dune Field resulted in an
unbalanced sample size among the time periods that were compared, and many transects
included sections from multiple periods.
Although an attempt was made to account for
this by applying a spatial buffer to the selection of sample points, the methods could be
improved in future studies to allow a more
clear test of possible differences among communities of vegetation and biological soil
crust over time and a more thorough statistical analyses of the relationships identified. If
annual field-based vegetation monitoring is not
feasible, recent high-resolution multispectral
satellite imagery and remote sensing software
could be used to identify vegetation communities by spectral signatures, thus enabling a
tracking of successional changes over time. If
a remote sensing approach is utilized, vegetation communities identified by spectral signature could be verified with ground-truth data
collected during the same year and season as
the satellite imagery.
A future study could investigate if other
environmental conditions are limiting factors
for specific vegetation communities and biological soil crust development. Factors such as
slope angle, aspect, and wind exposure can all
be quantified through remote sensing. The 2010
LiDAR digital elevation model for San Miguel
Island could be used to derive products such
as hillshades, slope maps, and aspect maps.
These maps could then be combined with data
on the spatial distribution of vegetation communities and biological soil crust stands in a
GIS. Spatial analysis could then be performed
to identify patterns in vegetation communities
that relate to these topographic conditions.
CONCLUSIONS
A steady increase in vegetation cover and a
complex pattern of change in vegetation communities on the San Miguel Island dunes followed disturbance by grazing animals in the
late 19th and early 20th century.
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The highly specialized vascular plants in the
pioneer coastal dune scrub community are
the first to colonize recently active dunes.
These colonizers are followed by the transitory mixed coastal dune scrub community. At
later stages, multiple native shrub-dominated
communities develop as the pioneer coastal
dune scrub and mixed coastal dune scrub
communities decline in cover, indicating that
the trajectory of vegetation succession is not
linear. Long-term vegetation monitoring, beyond the scope of the present study, may identify the mechanisms or abiotic factors that may
influence successional change in plant communities on San Miguel Island.
Dunes that appear stabilized in the 1929
aerial photographs are dominated by exotic
vegetation communities, and exotic plants are
present in the understory on dunes that stabilized between 1929 and 2011. This result
could indicate that exotic species outcompete
the native vegetation communities in later
stages of dune stabilization. Alternatively,
exotic species may have been the only plants
capable of growing on the dunes during the
early periods of stabilization while some nonnative herbivores were still on the island, and
these exotics have persisted for nearly 100
years.
A continuing increase in total vegetation
cover occurred as grazing decreased and then
ceased, despite multiple dry periods. This
indicates that the vascular vegetation communities are resistant to relatively low rainfall
and drought conditions, at least over short
periods, in the absence of other disturbances.
The occurrence of biological soil crusts in
early and intermediate phases of dune stabilization and disappearance of biological soil
crusts with increasing vegetation cover may
indicate that their role in dune stabilization
on San Miguel Island is transitory. The abundance of cyanobacteria and rare occurrence
of mosses and lichens are likely due to the
amount of sand saltation present on dunes in
early stages of stabilization, combined with a
lack of fine-grained particles. The transitory
nature of biological soil crusts on San Miguel
Island contrasts with crust development on
desert dunes in Israel, where abundant finegrained particles are deposited on the dunes
from the Sahara Desert during dust storms
and biological soil crusts are a primary stabilizer of dunes.

244

MONOGRAPHS OF THE WESTERN NORTH AMERICAN NATURALIST
ACKNOWLEDGMENTS

Channel Islands National Park provided
logistical support, island housing, transportation, and access to park resources. I give special thanks to Kate Faulkner for facilitating
research permits and transportation; island
rangers Ian Williams and George Roberts for
sharing their knowledge of San Miguel Island;
and Dirk Rodriguez, Sarah Chaney, and
Kathryn McEachern for providing botanical
consultation. I express sincere gratitude to my
thesis committee: Dr. Casey Allen (University
of Colorado, Denver), Dr. Daniel Muhs (U.S.
Geological Survey), and Dr. Peter Anthamatten
(University of Colorado, Denver). Meghan
Patterson of the U.S. Geological Survey assisted with fieldwork, and I am grateful for her
time, patience, and hard work. Gary Skipp of
the U.S. Geological Survey and Mark Zellman
of Fugro Consultants provided valuable technical assistance. I also thank Jenny Briggs and
Kathryn McEachern of the U.S. Geological
Survey, and the 2 anonymous reviewers whose
comments greatly improved this manuscript.
This study was funded by the United States
Geological Survey (USGS) Climate and Land
Use Change Program. Any use of trade, product, or firm names is for descriptive purposes
only and does not imply endorsement by the
U.S. government.
LITERATURE CITED
ALDEN, J. 1852. Report of the Superintendent, U.S. Coast
Survey.
ANDERSON, D.C., AND S.R. RUSHFORTH. 1976. The cryptogamic flora of desert soil crusts in southern Utah.
Nova Hedwigia 28:691–729.
BARBOUR, M.G., J.H. BURK, W.D. PITTS, F.S. GILLIAM, AND
M.W. SCHWARTZ. 1998. Terrestrial plant ecology. Addison Wesley Longman, Inc., Menlo Park, CA. 782 pp.
BELNAP, J. 1994. Cyanobacterial-lichen soil crusts of San
Nicolas Island. Pages 491–495 in W.L. Halvorson
and G.J. Maender, editors, The Fourth California
Islands Symposium. Santa Barbara Museum of Natural History, Santa Barbara, CA.
______. 2001. Comparative structure of physical and biological soil crusts. Pages 177–191 in J. Belnap and
O.L. Lang, editors, Biological soil crusts: structure,
function, and management. Springer-Verlag, Berlin,
Germany.
BELNAP, J., S.L. PHILLIPS, D.L. WITWICKI, AND M.E. MILLER.
2008. Visually assessing the level of development and
soil surface stability of cyanobacterially dominated
biological soil crusts. Journal of Arid Environments
72:1257–1264.
BELNAP, J., R. ROSENTRETER, S. LEONARD, J.H. KALTENECKER , J. W ILLIAMS, AND D. E LDRIDGE . 2001.

[Volume 7

Biological soil crusts: ecology and management.
Technical Reference 1730-2, U.S. Department of the
Interior, Bureau of Land Management, Denver, CO.
110 pp.
BURROWS, C.J. 1990. Processes of vegetation change.
Unwin Hyman, London, United Kingdom.
CANFIELD, R.H. 1941. Application of the line interception
method in sampling range vegetation. Journal of
Forestry 39:388–394.
CORRY, P.M. 2006. Vegetation dynamics following grazing
cessation on the Channel Islands, California. Doctoral dissertation, University of North Carolina at
Chapel Hill.
DANIN, A., Y. BAR-OR, I. DOR, AND T. YISRAELI. 1989. The
role of cyanobacteria in stabilization of sand dunes
in southern Israel. Ecologia Mediterranea 15:55–64.
DANIN, A., AND D.H. YAALON. 1982. Silt plus clay sedimentation and decalcification during plant succession in sands on the Mediterranean coastal plain of
Israel. Israel Journal of Earth Sciences 31:101–109.
D’ANTONIO, C.M. 1993. Mechanisms controlling invasion
of coastal plant communities by the alien succulent
Carpobrotus edulis. Ecology 74:83–95.
D’ANTONIO, C.M., AND P.M. VITOUSEK. 1992. Biological
invasions by exotic grasses, the grass/fire cycle, and
global change. Annual Review of Ecology and Systematics 23:63–87.
DAVIDSON, G. 1858. San Miguel Island, Directory for the
Pacific Coast, Washington, D.C. Pages 23–24.
DAY, P.R. 1965. Particle fractionation and particle-size
analysis. Volume 1, Methods of soil analysis. American Society of Agronomy, Inc., Madison, WI.
DOING, H. 1985. Coastal fore-dune zonation and succession in various parts of the world. Vegetation 61:65–75.
ELDRIDGE, D.J., AND J.F. LEYS. 2003. Exploring some relationships between biological soil crusts, soil aggregation, and wind erosion. Journal of Arid Environments
53:457–466.
ELLISON, W.H. 1937. The life and adventures of George
Nidever. University of California Press, Berkeley, CA.
ERLANDSON, J.M., T.C. RICK, AND C. PETERSON. 2005. A
geoarchaeological chronology of Holocene dune
building on San Miguel Island, California. Holocene
15(8):1227–1235.
FOLK, R.L. 1974. Petrology of sedimentary rocks. Hemphill
Publishing Co., Austin, TX.
GANOR, E. 1991. The composition of clay minerals transported to Israel as indicators of Saharan dust emission.
Atmospheric Environment 25A(12):2657–2664.
______. 1994. The frequency of Saharan dust episodes
over Tel Aviv, Israel. Atmospheric Environment 28(17):
2867–2871.
GREENWELL, W.E. 1857. Report of the Superintendent,
1857. U.S. Coast Survey, Appendix 44.
HARPER, K.T., AND J.R. MARBLE. 1988. A role for nonvascular plants in management of arid and semiarid
rangeland. Pages 135–169 in P.T. Tueller, editor, Vegetation science applications for rangeland analysis and
management. Kluwer Academic Publishers, Dordrecht, Netherlands.
HESP, P.A. 1991. Ecological processes and plant adaptations on coastal dunes. Journal of Arid Environments
21:165–191.
HOBBS, E.R. 1983. Factors controlling the form and location of the boundary between coastal sage scrub and
grassland in southern California. Doctoral dissertation,
University of California, Los Angeles, CA.

2014]

VEGETATION AND SOIL CRUSTS ON SAND DUNES

JOHANSEN, J.R., AND S.R. RUSHFORTH. 1985. Cryptogamic
crusts: seasonal variation in algae populations in the
Tintic Mountains, Juab County, Utah, USA. Great
Basin Naturalist 45:14–21.
JOHNSON, D.L. 1972. Landscape evolution on San Miguel
Island, California. Doctoral dissertation, University
of Kansas, Lawrence, KS.
______. 1980. Episodic vegetation stripping, soil erosion
and landscape modification in prehistoric time, San
Miguel Island, California. The California Islands:
proceedings of a multidisciplinary symposium. Santa
Barbara Museum of Natural History, Santa Barbara,
CA. 253 pp.
JUNAK, S. 2008. A flora of San Nicolas Island, California.
Santa Barbara Botanic Gardens, Santa Barbara, CA.
JUNAK, S., D.A. KNAPP, J.R. HALLER, R. PHILBRICK, A.
SCHOENHERR, AND T. KEELER-WOLF. 2007. The California Channel Islands. In: M.G. Barbour, T. KeelerWolf, and A.A. Schoenherr, editor, Terrestrial vegetation of California. University of California Press,
Berkeley, CA.
KUMLER, M.L. 1969. Plant succession on the sand dunes
of the Oregon Coast. Ecology 50:695–704.
LEVIN, N., G.J. KIDRON, AND E. BEN-DOR. 2007. Surface
properties of stabilizing coastal dunes: combining
spectral and field analyses. Sedimentology 54:771–788.
LEYS, J.F., AND D.J. ELDRIDGE. 1998. Influence of cryptogamic crust disturbance to wind erosion on sand
and loam rangeland soils. Earth Surface Processes
and Landforms 23(11):963–974.
LICHTER, J. 1998. Primary succession and forest development on coastal Lake Michigan sand dunes. Ecological Monographs 68:486–510.
MARTINEZ, M.L., N.P. PSUTY, AND R. LUBKE. 2004. A perspective on coastal dunes. In: M.L. Martinez and
N.P. Psuty, editors, Coastal dunes: ecology and conservation. Springer Berlin Heidelberg, Berlin/Heidelberg,
Germany.
MEIR, A., AND H. TSOAR. 1996. International borders and
range ecology: the case of Bedouin transborder grazing. Human Ecology 24(1):39–63.
MILLER, T.E., E.S. GORNISH, AND H.L. BUCKLEY. 2010.
Climate and coastal dune vegetation: disturbance,
recovery, and succession. Plant Ecology 206:97–104.
MUHS, D.R. 1992. The last interglacial-glacial transition in
North America: evidence from uranium-series dating
of coastal deposits. Geological Society of America
Special Paper 270:31–52.
MUHS, D.R., J. BUDAHN, M. REHEIS, J. BEANN, G. SKIPP, AND
E. FISHER. 2007. Airborne dust transport to the eastern
Pacific Ocean off southern California: evidence from
San Clemente Island. Journal of Geophysical Research
112:D13203. dx.doi.org/10.1029/2006JD007577.
MUHS, D.R., AND V.T. HOLLIDAY. 1995. Evidence of active
dune sand on the Great Plains in the 19th century

245

from accounts of early explorers. Quaternary Research
43:198–208.
MUHS, D.R., S.G. SKIPP, R.R. SCHUMANN, D.L. JOHNSON,
J.P. MCGEEHIN, J. BEANN, J. FREEMAN, T.A. PEARCE,
AND Z.M. ROWLAND. 2009. The origin and paleoclimatic significance of carbonate sand dunes deposited
on the California Channel Islands during the last
glacial period. Pages 3–14 in C.C. Damiani and D.K.
Garcelon, editors, Proceedings from the Seventh
California Islands Symposium. Institute for Wildlife
Studies, Oxnard, CA.
ROBERTS, L.J. 1991. San Miguel Island, Santa Barbara’s
Fourth Island West. Cal Rim Books, Carmel, CA.
SAWYER, J.O., AND T. KEELER-WOLF. 2009. A manual of
California vegetation. California Native Plant Society,
Sacramento, CA.
SNEAD, R.E. 1972. Atlas of world physical features. Wiley,
New York, NY.
TSOAR, H., AND J.T. MOLLER. 1986. The role of vegetation
in the formation of linear sand dunes. Pages 75–95 in
Eolian geomorphology, Proceedings from the 17th
Annual Binghamton Geomorphology Symposium.
UJHÁZY, K., J. FANTA, AND K. PRACH. 2011. Two centuries
of vegetation succession in an inland sand dune area,
central Netherlands. Applied Vegetation Science 14:
316–325.
VEDDER, J.G., AND R.M. NORRIS. 1963. Geology of San
Nicolas Island California. U.S. Geological Survey
Professional Paper 369. 65 pp.
WALKER, L.R., AND R. DEL MORAL. 2003. Primary succession and ecosystem rehabilitation. Cambridge University Press, Cambridge, United Kingdom.
WALKER, L.R., D.A. WARDLE, R.D. BARDGETT, AND B.D.
CLARKSON. 2010. The use of chronosequences in
studies of ecological succession and soil development.
Journal of Ecology 98:725–736.
WESTERN REGIONAL CLIMATE CENTER. 2012. Available from:
http://www.wrcc.dri.edu
WILLIAMS, A.J., B.J. BUCK, D.A. SOUKUP, AND D.J. MERKLER.
2013. Geomorphic controls on biological soil crust
distribution: a conceptual model from the Mojave
Desert (USA). Geomorphology 195:99–109.
YOUNG, J.A., C.D. CLEMENTS, AND G. NADER. 1999.
Medusahead and clay: the rarity of perennial seedling establishment. Rangelands 21:19–23.
ZELLMAN, K.L. 2012. Vegetation and biological soil crust
succession on the sand dunes of San Miguel Island,
Channel Islands National Park, California. Master’s
thesis, University of Colorado, Denver, CO. Publication no. 1515843, ProQuest/UMI, Ann Arbor, MI.
Received 26 April 2013
Accepted 23 June 2014

Monographs of the Western North American Naturalist 7, © 2014, pp. 246–259

STAND STRUCTURE AND ACORN PRODUCTION OF
THE ISLAND SCRUB OAK (QUERCUS PACIFICA)
Mario B. Pesendorfer1,2,5, Kathryn M. Langin3, Brian Cohen4,
Zachary Principe4, Scott A. Morrison4, and T. Scott Sillett2
ABSTRACT.—Island scrub oak (Quercus pacifica), a keystone chaparral species on Santa Rosa, Santa Cruz, and Santa
Catalina islands, provides habitat for a diverse assemblage of plant and animal species. The restoration of oak habitat is a
management priority, but little is known about Q. pacifica stand structure and acorn production, 2 parameters that are
important in the species’ recovery. To investigate whether species interactions and abiotic conditions have an effect on
stand structure and acorn production, we sampled within-stand densities, tree sizes, and acorns in the 3 island populations that have been exposed to different herbivores, seed predators, and climate conditions. Stand densities varied
more within than between islands; but Santa Rosa, the coldest of the 3 islands, had smaller trees with smaller acorns
than the other 2 islands. To quantify the temporal and spatial variation in acorn production on Santa Cruz Island, we
conducted acorn counts at 2 spatial scales: (1) an island-wide survey of 200 trees along the east–west axis of the island
(2008–2012) and (2) small-scale surveys within three 100-ha study plots (150 trees; 2009–2012). Acorn production varied
strongly, both temporally and spatially, with little temporal synchrony and spatial autocorrelation. Trees at higher elevations produced more acorns, but the roles of temperature and precipitation were unclear in this relatively short study. To
increase our understanding of the drivers of Q. pacifica acorn production, we propose that annual oak surveys be incorporated into a long-term monitoring program across the California Channel Islands.
RESUMEN.—El roble de la isla (Quercus pacifica), una de las especies clave en el chaparral de las islas de Santa Rosa,
Santa Cruz y Santa Catalina, proporciona un hábitat adecuado para una gran variedad de especies de plantas y animales.
La restauración del hábitat del roble es una prioridad, pero se conoce poco sobre su estructura y la producción de bellotas de Q. pacifica, 2 parámetros muy importantes para la recuperación de la especie. Con el fin de investigar si la interacción de las especies y las condiciones abióticas tienen algún efecto sobre la estructura forestal y la producción de bellotas examinamos la densidad de pies, el tamaño de los árboles y el tamaño y producción del bellotas en las poblaciones
de las 3 islas, las cuales han estado expuestas a diferentes herbívoros, depredadores de semillas y condiciones climáticas.
Las densidades variaron más dentro de la misma isla que entre islas, pero Santa Rosa, la más fría de las 3 islas, tenía
árboles más pequeños con bellotas más pequeñas que las otras 2 islas. Para cuantificar la variación temporal y espacial
en la producción de bellotas en la isla de Santa Cruz, estimamos la producción de bellotas en 2 escalas espaciales:
(1) mediciones de 200 árboles en el eje este-oeste de la isla (2008–2012) y (2) en el interior de 3 parcelas de 100 ha (150
árboles; 2009–2012). La producción de bellotas varió considerablemente, tanto temporal como espacialmente, con poca
sincronización temporal y autocorrelación espacial. Los árboles situados a mayor altura produjeron más bellotas, pero el
papel de la temperatura y las precipitaciones no quedó claro en este estudio relativamente corto. Proponemos que se
incorporen controles anuales de los robles en un programa de monitoreo de larga duración a lo largo de las Islas del
Canal de California (o Archipiélago del Norte) con el fin de aumentar nuestro conocimiento sobre la producción de bellotas de Q. pacifica.

Oak (Quercus spp.) woodlands and chaparral
form the majority of woody vegetation on the
California Channel Islands and represent an
ecosystem of conservation concern (Schoenherr et al. 1999, Knapp 2010a). Restoring native
oak habitat is a management priority because
these keystone organisms facilitate establishment of other native plants and herbs, as well
as harbor an array of vertebrates and invertebrates (Borchert et al. 1991, Knapp 2010a).

Endemic island scrub oaks (Quercus pacifica
Nixon & C.H. Muller) are the dominant species
of chaparral on Santa Cruz, Santa Rosa, and
Santa Catalina islands (Junak et al. 1995), yet
little is known about their reproductive strategies and interactions with other species (Knapp
2010a, Stratton 2010). We surveyed the 3
island populations for systematic differences
in stand structure potentially caused by interactions with herbivores and seed dispersers.
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We also present the first 5 years of data from
longitudinal surveys we established to monitor
the spatial and temporal variation in acorn
production of Q. pacifica on Santa Cruz Island.
Oaks have long-lasting effects as ecosystem
engineers by changing the biotic and abiotic
environment (Jones et al. 1994, Johnson et al.
2009). Carbon and nitrogen deposition enhance
available nutrients in the soil (Dahlgren et al.
1997, Fralish 2004). Deep roots and the ability
to tolerate water stress allow oaks to establish
in seasonally dry areas intolerable to other
chaparral species (Davis and Mooney 1986).
Acorns provide an important food resource for
many animals, including endemic subspecies
of the deer mouse (Peromyscus maniculatus)
and the Island Scrub-Jay (Aphelocoma insularis), which occurs only on Santa Cruz Island
(Schoenherr et al. 1999). Oak habitat throughout the California Channel Islands is recovering from livestock overgrazing and woodcutting during the 19th and 20th centuries
(Schoenherr et al. 1999). Once-common oak
woodland and chaparral on Santa Rosa Island
were reduced to remnant populations (Lombardo and Faulkner 2000). On Santa Catalina
Island, continued herbivory by nonnative ungulates coupled with adult dieback of stem
tips have reduced the scrub oak distribution
by 31% since 1943 (Knapp 2010b), and a variety of restoration strategies have produced
mixed results (Stratton 2010). On the other
hand, management actions on Santa Cruz and
Santa Rosa islands show promising results.
Native vegetation on Santa Cruz Island has
experienced a strong recovery following the
removal of feral sheep (Ovis aries) by the late
1990s and pigs (Sus scrofa) by 2007 (Schuyler
1993, Faulkner and Kessler 2011, Morrison
2011). Similarly, since the removal of introduced mule deer (Odocoileus hemionus) and
Roosevelt elk (Cervus canadensis) from Santa
Rosa Island in 2011, seedlings of woody species
are slowly reappearing in areas where they
were long absent (K. McEachern, USGS, personal communication). Nonnative mule deer
are still common on Santa Catalina (Schoenherr et al. 1999, Manuwal and Sweitzer 2010).
Acorn production and seed dispersal will
likely play an important role in habitat recovery (Stratton 2010), but we have no data
on the spatial and temporal patterns of acorn
production in Q. pacifica and other oak
species on the islands. The annual size of
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acorn crops varies tremendously in most oaks
and is often synchronized over relatively large
geographical areas—a reproductive pattern
called masting (Koenig and Knops 2000, Kelly
and Sork 2002). Masting occurs in response to
environmental cues and may be driven by limitations in plants’ abilities to pollinate (Kelly
and Sork 2002). The temporal variation in
seed crops may be an evolved strategy with
endogenous cyclical patterns, rather than only
a response to environmental cues, but precipitation and temperature also appear to affect
pollination and fertilization (Sork et al. 1993,
Koenig and Knops 2013). Acorn crop sizes in
drought-stressed areas of Florida, for example,
appear to be strongly dependent on precipitation (Abrahamson and Layne 2003).
Temperature and seed disperser selectivity
have both been suggested as determinants of
acorn size (Aizen and Woodcock 1996, Koenig
et al. 2009). Plants that depend on few or even
a single animal species for dispersal often
experience selective pressures created by the
disperser’s behavior and selectivity (Gómez
2004). Jays are perhaps the most important
avian dispersers of acorns, and their local preferences can result in selection pressure on
acorn size (Gómez 2004). Acorn germination
and survival data suggest that larger acorns
are more likely to survive drought and have a
greater chance of reaching the seedling stage
(Aizen and Woodcock 1996, Bonfil 1998).
Acorn sizes decrease with increasing latitude
within (Aizen and Woodcock 1992, Koenig et
al. 2009) and between species (Aizen and Patterson 1990), mirroring a global pattern across
a majority of seed-producing plants (Moles
et al. 2007). The latitudinal gradient in acorn
sizes across North America could have arisen
from differential dispersal of small seeds
northward as hardwood populations expanded
after glacial maxima (Aizen and Patterson 1990,
Aizen and Woodcock 1992). More recent work,
however, failed to support this hypothesis, and
abiotic parameters such as temperature and
precipitation appear to explain the pattern, at
least in some oaks (Koenig et al. 2009).
Herbivory, seed dispersal, and seed predation can also affect stand density of oaks. In
Wisconsin, ungulate herbivory has been shown
to reduce the number of red oak (Q. rubra)
seedlings. This reduction resulted in lower
adult densities and thus affected the structure
of whole hardwood forest stands (Rooney and

248

MONOGRAPHS OF THE WESTERN NORTH AMERICAN NATURALIST

Waller 2003). Similarly, herbivores negatively
affect stand densities of Mediterranean oaks
in Spain because many eat oak seedlings
(Plieninger et al. 2003). The presence of seed
predators can also affect within-stand densities by reducing the number of seeds dispersed by birds (Siepielski and Benkman
2008). Santa Cruz Island has no remaining
introduced ungulates that are acorn or seedling predators (Bowen and VanVuren 1997,
Schoenherr et al. 1999). Herbivory can cause
resprouting in oaks, both in seedlings and in
adults (Del Tredici 2001). Therefore, the 3 Q.
pacifica populations on the Channel Islands
may have been equally shaped by browsing, in
addition to seed dispersal and seed predation.
We hypothesized that within-stand densities (the number of trees per area of oak habitat) would be greater on islands with prolific
long-distance seed dispersers (Santa Cruz)
than on the islands with only seed predators
and herbivores (Santa Catalina, Santa Rosa).
Island Scrub-Jays occur in high densities on
Santa Cruz Island, and individual birds cache
more than 3500 acorns a year, many of which
remain in the ground (Sillett et al. 2012,
Pesendorfer 2014). In contrast, other birds
that handle acorns occur in low densities on
all 3 islands. Northern Ravens (Corvus corax)
tend to cache carrion, not seeds (Goodwin
1983); whereas Acorn Woodpeckers (Melanerpes formicivorus) store acorns in granaries
(specialized storage areas in trees), a dead end
in terms of seed dispersal (Koenig 1987). If
herbivory, not seed dispersal, is the driving
factor behind stand densities of Q. pacifica,
we would expect to find little difference
between the islands.
The distribution of Q. pacifica lends itself
to addressing hypotheses about the drivers of
seed size variation and stand structure on a
small scale because the islands vary in abiotic
parameters, such as temperature and precipitation, as well as in the presence or absence of
seed predators, dispersers, and herbivores. In
terms of temperature and precipitation, Santa
Catalina and Santa Cruz islands experience
similar temperatures, whereas Santa Rosa
Island is colder, mainly due to localized
oceanic currents and fog input (Spalding et al.
2007, Fischer et al. 2009). The annual average
temperature from 2002 to 2012 was lower on
Santa Rosa (13.02 +
– 0.36 °C; mean +
– SD) than
on Santa Cruz (15.38 +
– 0.62 °C) and Santa
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Catalina islands (15.90 +
– 0.66 °C; WRCC 2013).
Comparing the 3 populations of Q. pacifica
thus allows us to gain an initial overview of
differences between populations and to evaluate the potential role of biotic (dispersal and
predation) and abiotic conditions (temperature) in shaping acorn production and stand
structure. If temperature drives acorn size, we
would expect smaller acorns on Santa Rosa
Island, the colder island. In contrast, if seed
dispersal affects acorn size of Q. pacifica, we
would expect Santa Cruz Island acorns to differ systematically from the other 2 populations. We tested our predictions by comparing
volumes and size categories of Q. pacifica
acorns from all 3 islands.
To investigate whether Q. pacifica acorn
production follows a masting pattern, we determined the spatial and temporal fruiting synchrony of individual trees. We also modeled
the relationships between these data and tree
characteristics, such as crown size and elevation. This effort establishes a baseline for future
studies of Q. pacifica acorn production and
can inform oak management on the Channel
Islands. We also provide data on Q. agrifolia
for comparison and discussion purposes.
METHODS
Island Comparison
We measured stem density and distribution
of crown sizes on Santa Cruz, Santa Rosa, and
Santa Catalina islands by using point-centered
quarter transects (PCQT; see below) through
intact Quercus stands (Mitchell and Evans
2006, Siepielski and Benkman 2008; Table 1,
Fig. 1). On Santa Cruz Island, we selected 2
stands (one north facing, one south facing) on
each of 3 study plots used for a long-term
avian study (Caldwell et al. 2013; Fig. 1).
These stands were near but not overlapping
the areas selected for annual acorn surveys.
On Santa Catalina and Santa Rosa islands, we
selected stands accessible from roads. For
PCQT, points were marked every 50 m
(depending on stand size) along straight
300–500-m transects through continuous stands;
and at each point, the distance to the nearest
oak (taller than 30 cm) in each quadrant (NW,
NE, SW, SE) was measured (Mitchell and
Evans 2006, Siepielski and Benkman 2008). In
September and October 2010 and 2011, we
conducted 12 PCQT on Santa Cruz (446 trees)
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Fig. 1. Map of transect and survey locations in the 3 Quercus pacifica populations: A, Santa Rosa and Santa Cruz
islands; B, Santa Catalina Island; C, plot-wide survey trees on Santa Cruz Island. Inset shows location of study area in
relation to California.

and 5 on Santa Rosa (147 trees) islands. We
conducted 3 PCQT on Santa Catalina Island
(96 trees) in September 2011. For each tree, we
determined species, measured longest crown
diameter, and made visual estimates of
crown cover (0–9 scale), brown leaves (in 5%
increments), acorn size (0–9 scale, 9 representing extremely large acorns), acorn abundance

(0–4 scale; Koenig et al. 1994), level of insect
seed predation (proportion of a tree’s acorns
with oviposition holes; Espelta et al. 2009),
and the presence or absence of oak galls. Galls
are induced by oak gall wasps (Hymenoptera:
Cynipidae) that lay their eggs into meristematic
tissue of branches; the effect of these galls
on host trees is unclear (Stone et al. 2002).

250

MONOGRAPHS OF THE WESTERN NORTH AMERICAN NATURALIST

TABLE 1. Temperatures and precipitation on Santa Cruz
Island from 2008 to 2012a.
Year
2008
2009
2010
2011
2012

Precipb
(mm)
511
254
479
651
319

Tempdryc
(°C)

Tempwetd
(°C)

17.7 (2.7)
18.4 (2.0)
17.0 (2.4)
15.6 (1.8)
16.1 (1.8)

13.3 (2.6)
14.1 (3.0)
12.5 (2.2)
12.9 (1.9)
12.7 (2.3)

aData from WRCC (2013)
bTotal precipitation June–May preceeding annual acorn survey
cMean (SD) monthly temperature for April–September preceeding

annual
acorn survey
(SD) monthly temperature for October–March preceeding annual
acorn survey
dMean

In 2011, we collected 10 acorns from trees
with sufficient crop sizes on all 3 islands (total
n = 1090), measured their width and length
using calipers, and weighed them using a
Mettler Toledo digital scale. We assessed
insect predation by searching the acorns for
oviposition holes (Espelta et al. 2009).
Acorn Crop Surveys on Santa Cruz Island
We conducted both island-wide and plotwide surveys of acorn productivity on Santa
Cruz in an effort to examine spatial and temporal variation. The island-wide survey that
started in 2008 ranges from the Montañon
range to the western end of the island’s south
ridge, near Sauces Canyon (Fig. 1A). Oak
stands were selected within 100 m of a road
while maximizing the variation of potential
predictors such as distance from shore, elevation, geology, soil, and presence of fog (Cohen
et al. 2009). Multiple trees were chosen on
arrival at each location by using randomly
selected compass bearings. Of the 200 selected
trees, 140 were Q. pacifica and 58 were Q.
agrifolia. We augmented the island-wide survey in 2009 with additional surveys in 3 study
plots (Coches Prietos Canyon, Portezuela, and
the area around the University of California
Santa Barbara Field Station in the central valley of the island; Fig. 1C) used since 2008 to
monitor Island Scrub-Jays (see Caldwell et al.
2013). We selected 150 trees throughout the
total area of the Island Scrub-Jay research
plots (~300 ha) by generating random GPS
points a minimum distance of 20 m apart using
Hawth’s tools for ArcGIS 9.2 (Beyer 2004,
ESRI 2009). From each point, we located the
nearest oak tree, unless it was in a hazardous
location. Of the 150 trees, 131 were Q. pacifica and 19 were Q. agrifolia. Both surveys
were conducted annually within the last 2
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weeks of October: the island-wide survey
starting in 2008 and the plot-wide survey in
2009. Here, we report results of data collected
up to fall 2012: 5 years of island-wide and 4
years of plot-wide surveys.
Acorn productivity was quantified annually
using the canopy survey method (Koenig et al.
1994). Two researchers counted acorns simultaneously for a duration of 15 s on separate
areas of the crown. The 2 counts were then
summed, providing the 30-s acorn count.
Koenig et al. (1994) found this method to yield
results equivalent to trap methods (i.e., methods that collect acorns after they have fallen
from the tree) and found that the counts provide a reliable measure of relative acorn abundance, independent of tree size. The location
of each sampled tree in both surveys was
recorded with a GPS unit, and all trees were
marked with a numbered identification tag to
facilitate locating them in subsequent years.
Statistical Analysis
One goal of this study was to describe how
species interactions and abiotic factors shape
oak populations by comparing Q. pacifica
stands, trees, and acorns among all 3 islands.
To estimate absolute stand density and the relative density of Q. pacifica and Q. agrifolia, we
used PCQT methods (Mitchell and Evans
2006, Siepielski and Benkman 2008). Estimates
were corrected when no tree was within 25 m
in a quadrant (Warde and Petranka 1981). Due
to low sample sizes on Santa Catalina and
Santa Rosa islands, we did not use statistical
tests to compare density estimates, and we
summarized the results of the density transects in Table 2. To compare crown size distributions, we pooled the data from trees in the
stand-density transects with the data from our
2 longitudinal acorn surveys on Santa Cruz
Island (total n = 1190 trees) and used the
Kolmogorov–Smirnoff test with a Bonferroni
correction for multiple testing to determine
whether the distributions differed significantly
between the islands.
To compare acorn sizes across islands, we
calculated acorn volume from length and
width by using the formula for the volume
of an ellipsoid. Volume predicted wet mass of
weevil-free acorns well (R2 = 0.93), which
allowed us to include acorns with weevil damage in the comparison. We constructed linear
mixed models (LMMs) in the lme4 package

2014]

QUERCUS PACIFICA STANDS AND ACORN CROPS

251

TABLE 2. Stand-density transects. Location (general aspect), number of sampling points, overall and partial density for
Quercus pacifica and Quercus agrifolia (trees · ha–1), and percentage of Q. pacifica trees with acorns.

Island

Transect (aspect)

Santa Rosa

Cherry Canyon (W)
Cherry Canyon (E)
Windmill Canyon (S)
Lobo Canyon (S)
Lobo Canyon (N)
Bulrush Canyon (S)
Bulrush Canyon (N)
Airport (N)
Field Station (S)
Field Station (N)
Portezuela (S)
Portezuela (N)
Coches Prietos (S)
Coches Prietos (N)
Isthmus (S)
Isthmus (N)
Christy Canyon (N)
Sauces (W)
Willows Canyon (S)
Valley Peaks

Santa Catalina

Santa Cruz

Points
9
11
11
8
7
8
8
8
8
10
10
10
10
9
10
10
10
10
10
10

in R (Bates et al. 2012, R Core Team 2012)
with Island as fixed effect, and Tree nested in
Transect as a random effect to account for
sampling multiple acorns from the same tree
and to control for variation within transects.
For all models with trees as replicates, rather
than within-tree counts, we used Transect as a
random effect to control for local effects (Zuur
et al. 2009, Bates et al. 2012).
We used generalized linear mixed models
(GLMMs) for comparison of data that could
not be transformed to meet model assumptions of LMMs. To compare the proportions of
parasitized acorns, we used a beta error distribution; for the presence or absence of oak
galls, we used a binomial distribution. Acorn
size scores and abundance scores are ordinal
scales, best compared using GLMMs with
Poisson error distributions (Zuur et al. 2009,
Hox 2010). All models contained the same
random effect, Transect. If the overall island
comparison indicated significant differences,
we used the Tukey HSD post hoc comparison
in the glht function of the R package multcomp (Hothorn et al. 2008). Significance
tests (i.e., c2 for GLMMs, F values for LMMs,
and P values associated with fixed effects)
were obtained from Type II Wald tests in the
car package (Fox and Weisberg 2011). This
procedure is based solely on the estimated
parameter coefficients and their covariance

Density
________________________________
Total
pacifica
agrifolia
307.8
566.9
252.0
87.9
164.4
217.0
84.4
182.3
170.4
816.3
97.8
398.4
58.3
76.0
46.4
465.5
468.5
1164.8
218.8
103.3

307.8
276.9
76.2
10.3
—
217.0
84.4
182.3
165.1
816.3
97.8
309.0
58.3
76.0
46.4
465.5
468.5
1164.8
131.3
103.3

—
158.2
—
43.9
127.8
—
—
—
5.3
—
—
16.3
—
—
—
—
—
—
49.2
—

Q. pacifica
w/acorns
36%
77%
62%
95%
50%
75%
88%
41%
41%
10%
80%
53%
68%
15%
23%
45%
49%
26%
33%
28%

matrix and does not report the degrees of freedom (Bolker et al. 2009).
We analyzed acorn counts from our annual
surveys to test (1) whether year, elevation, and
canopy size predicted acorn production and
(2) whether acorn production showed spatial
or temporal synchrony. The 2 surveys were
each analyzed separately, with 5 years (2008–
2012) of data for the island-wide survey and 4
years (2009–2012) for the plot-wide survey.
We constructed GLMMs with Poisson error
distributions—the fixed effects being Crown
Diameter, Elevation, and Year—while controlling for repeated sampling by using Tree
nested within Point (island-wide survey) or
Plot as random effects (Zuur et al. 2009). The
comparison of the summed squared residuals
to the residual degrees of freedom indicated
that the data were overdispersed (c2 = 4335.8,
P < 0.0001). Therefore, we included observation number (Obs_nmbr) as a random effect
for each unit of replication, thereby effectively
eliminating overdispersion (Elston et al. 2001,
Bolker et al. 2009).
To test for spatial autocorrelation of acorn
counts, we performed a Mantel test in the R
package ncf (Bjornstad 2012). In this procedure, annual acorn counts for each possible
pairwise combination of trees are compared
with a linear regression, and the Pearson’s
regression coefficients are then correlated to
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Fig. 2. Frequency distribution of crown diameters for Quercus pacifica trees in the 3 island populations.

the distance between the trees. We investigated temporal synchrony in acorn production
with Kendall’s concordance coefficient W in
the R package vegan (Oksanen et al. 2012),
and we tested whether the synchrony was
stronger than expected by chance by permutating the acorn counts for each tree and year
999 times to generate a null distribution of
W values.
RESULTS
Comparison of Island Populations
Stand densities of Q. pacifica varied broadly
within islands but did not reveal a systematic
difference between islands. Overall, stand
densities spanned 3 orders of magnitude,
ranging from 10 to 1164 trees per hectare
(Table 2). On Santa Cruz and Santa Rosa
islands, stands on south-facing slopes generally
occurred in lower densities and had higher
proportions of trees with acorns than their
north-facing counterparts (Table 2). Crown
diameters differed significantly between islands
(GLMM: F2, 957 = 7.91, P = 0.02, Fig. 2), as
trees on Santa Rosa Island (mean +
– SE: 3.38 +
–
0.19 m, n = 147) were significantly smaller
than on Catalina (6.49 +
– 0.34 m, n = 96) and
Santa Cruz (5.07 +
– 0.13 m, n = 704). The
distributions of crown diameters also varied
significantly among all 3 islands (Kolmogorov–
Smirnoff test with Bonferroni-adjusted P
values: Catalina vs. Cruz: D = 0.2274, P =
0.00124; Rosa vs Cruz: D = 0.282, P > 0.0001;

Catalina vs Rosa: D = 0.4775, P > 0.0001).
Acorn abundance index scores on the in dividual trees in 2011 were similar for all
islands (c2 = 2.697, P = 0.26), and trees on
Catalina had significantly fewer oak galls
than trees on Santa Cruz (c2 = 19.49, P >
0.0001; Tukey HSD: z = 4.2, P > 0.001) and
Santa Rosa islands (z = 2.7, P = 0.02).
Acorns varied in size, but not in weevil
infestation, across the islands. The volumes
and size scores of acorns were significantly
smaller on Santa Rosa Island than on the other
2 islands (volume: c2 = 7.20, P = 0.03; size
scores: c2 = 18.13, P < 0.001; all post hoc
tests with Rosa: P < 0.05). Quercus pacifica
acorns on Santa Cruz (mean +
– SE: 1913.0 +
–
35.8 mm3) and Santa Catalina islands (1991.6
+
– 57.2 mm3) had, respectively, 18.9% and
23.8% larger mean volumes than acorns from
Santa Rosa Island (1608.2 +
– 41.8 mm3). Weevils
infested between 36% and 40% of acorns, and
infestation rate did not differ significantly
between islands (c2 = 0.24, df = 2, P = 0.887)
and was not affected by acorn volume (c2 =
0.04, P = 0.841).
Acorn Production on Santa Cruz Island
Acorn production varied widely between
years. Quercus agrifolia trees in the islandwide survey had only one year of high productivity (2009), with only a few acorns
produced in the other 4 years (Fig. 3). Year
explained the most variance of Q. pacifica
acorn counts in both the island-wide (Fig. 3,
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Fig. 3. Acorn productivity of all trees (n = 198), Quercus pacifica (n = 141), and Quercus agrifolia (n = 57) in the
island-wide survey on Santa Cruz Island, 2008–2012. Black horizontal bars indicate the mean; boxes, the interquartile
range; and whiskers extend to 1.5 times that range.
TABLE 3. Island-wide acorn counts on Santa Cruz
Island. The role of year, elevation, crown diameter, and
their interactions in predicting acorn counts on specific
trees. Type II ANOVA for island-wide acorn count GLMM
with Poisson error distribution (n = 123 trees; 5 years).
Fixed effect
Year
Elevation
Crown
Crown : elevation
Crown : year
Elevation : year
Crown : elevation : year
RESIDUALS

df
4
1
1
1
4
4
4
528

c2
134.8
15.6
7.3
0.1
5.8
21.9
3.7

P
<0.001
<0.001
0.007
0.820
0.214
<0.001
0.446

Table 3) and plot-wide (Fig. 4, Table 4) surveys. In the island-wide survey, acorn counts
declined from 23.8 +
– 2.8 (mean +
– SE) acorns
per tree in 2008 to 4.9 +
1.1
acorns
per tree in
–
2012 (Fig. 3). Throughout the 5-year study
period, 135 of 140 Q. pacifica trees (96.4%)
produced acorns at least once, but only 87
(63.1%) did so in 2012 (Fig. 5). Plot-wide
counts declined from 20.3 +
– 2.7 acorns per
tree in 2009 to 5.1 +
– 1.0 acorns in 2012 (Fig.
4). Of the 131 Q. pacifica trees in the plotwide survey, 111 (84.7%) produced acorns at
some point throughout the study period. In
2009 and 2010, 73% of trees produced acorns,
whereas <60% of trees carried any acorns in
2011 and 2012. The Coches Prietos plot had
the lowest productivity: 30% of trees never
produced acorns and only 12% had acorns in
2012. The years preceding the 2 years (2008
and 2009) of higher acorn productivity experi-

TABLE 4. Plot-wide acorn counts on Santa Cruz Island.
The role of year, elevation, plot, crown diameter, and their
interactions in predicting acorn counts on specific trees.
Type II ANOVA for island-wide acorn count GLMM with
Poisson error distribution (n = 150 trees; 4 years).
Fixed effect
Year
Plot
Crown
Elevation
Year : plot
Year : crown
Year : elevation
Plot : crown
Plot : elevation
Crown : elevation
Year : crown : plot
Year : elevation : plot
Year : crown : elevation
Plot : crown : elevation
RESIDUALS

df
3
2
1
1
6
3
3
2
2
1
6
6
3
2
451

c2
111.4
57.3
7.6
13.0
24.9
6.7
11.6
2.3
9.6
2.0
4.0
8.7
1.8
1.8

P
<0.001
<0.001
0.006
<0.001
<0.001
0.083
0.009
0.332
0.008
0.153
0.680
0.193
0.618
0.415

enced higher mean temperatures in both the
wet (October–March) and dry (April–September) seasons compared to low productivity
years. The amount of precipitation, however,
was the highest in 2008 and only half that
amount in 2009 (Table 1).
Elevation above sea level also explained
significant variation in acorn counts in both
surveys. Trees at higher elevations produced
more acorns, especially during high productivity
years (Figs. 3, 4). In the plot-wide survey, elevations were not equally distributed between
plots, but the plot at lowest elevation always
recorded the lowest acorn production. The
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Fig. 4. Acorn productivity of Quercus pacifica trees (n = 131) in the plot-wide survey on Santa Cruz Island from 2009
to 2012, overall and by plot. Black horizontal bars indicate the mean; boxes, the interquartile range; and whiskers extend
to 1.5 times that range.

effect of crown diameter was significant in the
plot-wide survey but explained little variation
(Table 3) and was not significant in the islandwide data (Table 2). Visual inspection of the
data suggested that the smallest trees drove
the effect of crown diameter. Therefore, we
reran models on the 2 datasets but excluded
the lowest 10% of values. The effect of crown
was no longer significant for the island-wide
survey (n = 110 trees, 5 years, c2 = 1.67, P =
0.196) and was much weaker for the plot-wide
survey (n = 132 trees, c2 = 5.58, P = 0.018).
Acorn counts showed weak yet significant
signatures of temporal and spatial synchrony.
Kendall’s concordance coefficient for temporal
synchrony of counts over 5 years was very low

(n = 123, W = 0.13, P < 0.001) in the islandwide counts. Plot-wide counts, in contrast,
had a moderate degree of temporal synchrony
over 4 years (n = 131, W = 0.49, P < 0.001).
However, the Mantel test for spatial autocorrelation indicated no significant effect of distance on the synchrony of acorn counts
between tree pairs in the island-wide survey
(Mantel statistic r = –0.050, P = 0.963) or the
plot-wide survey (r = –0.008, P = 0.334).
DISCUSSION
Island Comparison
Our comparison of Q. pacifica stands provides new information on a keystone chaparral
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Fig. 5. The influence of elevation on acorn counts of Quercus pacifica trees (n = 140) in the island-wide survey on
Santa Cruz Island, 2008–2012, by year and for all years combined. Filled circles indicate zero counts.

species on the Channel Islands. Stand structure, characterized by crown diameter distributions, acorn size, and gall infestation, all differ
between islands. The trees we sampled on
Santa Rosa Island were generally smaller in
crown diameter. Despite similar acorn abundances in all 3 populations, acorns on Santa
Rosa Island had up to 25% less volume.
Finally, we observed that the 3 stands we
visited on Santa Catalina Island had a low
occurrence of oak galls. Only 3% of trees had
galls, compared to 35% on Santa Cruz and
19% on Santa Rosa Islands. The effect of galls

on trees is poorly understood, but gall wasps
can be important indicators of ecosystem
condition and diversity (Stone et al. 2002,
Hayward and Stone 2005). We will thus continue recording their presence but hesitate
to speculate about the observed patterns at
this point.
The smaller crown sizes on Santa Rosa
Island could lead to less acorn availability than
on Santa Catalina and Santa Cruz Islands but
reveal little about different stand structures.
Acorn counts and abundance index scores
describe the relative density of acorns on the
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canopy, and less canopy area would therefore
result in fewer available acorns overall. Crown
diameters tell us little about different age
structures across populations. Quercus pacifica occurs in 2 main growth forms, a shrubby
form (<2 m height) and an arborescent form
(<10 m), which makes age determination
using trunk diameter difficult (de Gouvenain
and Ansary 2010). It is also unclear how
ungulate herbivory and subsequent sprouting
contributed to this effect. Nevertheless, crown
diameter tends to correlate strongly with
tree biomass or volume and is increasingly
applied in remote sensing studies (Dubayah
and Drake 2000, Popescu et al. 2011). Furthermore, recent work shows that crown area, estimated from crown diameter, is a reliable
predictor of overall acorn production in 5
common oak species of the eastern United
States (Rose et al. 2012).
Reduced tree sizes on Santa Rosa Island
could be due both to species interactions and
to abiotic factors. Cooler and windier conditions may have contributed to reduced tree
growth. Our transects on Santa Rosa Island
also were within the vicinity of the main
ranch and could have been affected by human
activity over the past 150 years. Basal sprouting in response to ungulate herbivory likely
played a major role in shaping the crowns of
the existing stands, making inference about the
role of acorn availability in shaping stand
structure difficult (Knapp 2010a). The presence
of ungulates could have exacerbated any
anthropogenic effects because both elk and
deer feed preferentially on recently emerged
leaves and target seedlings and sprouts,
thereby stifling regeneration and growth of
oak stands (Manuwal and Sweitzer 2010). We
would expect to observe such effects mostly
on Santa Catalina Island, which is still home
to a sizable deer population (Knapp 2010a).
Temperature differences may also be a
cause of reduced acorn sizes on Santa Rosa
Island. Acorns of Q. pacifica mature by early
October after pollination in early spring. The
maturation process of acorns thus coincides
with the span of the largest temperature difference between Santa Rosa and the other
islands (WRCC 2013; Table 1). A study of acorn
size of valley oaks in the Sierra Nevada of California also found that trees at low elevations
(400–600 m) and warmer temperatures had
acorns that were almost twice as large as the
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acorns on trees at high elevations (1400 m;
Phillips 1992). A similar pattern was found for
blue oaks: acorns at 1000–1300 m were 35%
smaller than acorns at 400–650 m (Phillips
1992). On a broader scale, reduced temperatures during acorn development are the driving factor for the latitudinal decrease in acorn
size across 32 North American oak species
(Aizen and Woodcock 1992, Koenig and Knops
2013). Additional years of acorn counts on Santa
Cruz Island will allow us to address temperature-related hypotheses in more detail, as the
western part of that island is cooler and experiences more wind and fog than the eastern
and interior parts (Fischer et al. 2009).
Acorn Production on Santa Cruz Island
We observed large variation in acorn production throughout our study period, but our
inferences about environmental correlates of
annual variation were limited with only 5 years
of data. Our study covered one year of high
acorn production in 2008, one year of intermediate production (2009), and 3 years of low
counts (2010–2012). Quercus agrifolia masted
in 2009, improving island-wide acorn availability; but thereafter, relatively few acorns
have been available to wildlife on Santa Cruz
(Fig. 2). The 2 seasons with increased acorn
productivity were both preceded by years with
relatively higher temperatures. Precipitation
showed no pattern of association with our
count data, but we found a positive correlation
between elevation and acorn abundance (Fig.
5, Tables 3, 4). The annual pattern of the
island-wide productivity was mirrored by
the overall results of the smaller-scale plotwide survey. However, the variation between
our plots underscores the important role of
elevation and local abiotic environment in Q.
pacifica acorn production: even in good years,
trees at low elevation carried few acorns or
failed to produce seed crops. The difference
between plots also suggests other variables not
captured in our study, such as soil composition, moisture, and exposure to solar radiation.
The spatial and temporal synchrony of
acorn production on Santa Cruz was low, despite the strong island-wide fluctuation of acorn
production. The fact that the temporal synchrony was stronger in our small-scale survey
than in the island-wide survey suggests that
local conditions, in addition to island-wide
influences, affect acorn production. Large
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California oaks, such as Q. lobata, Q. douglasii,
and Q. agrifolia, exhibit spatial concordance
over distances as large as 300 km (Koenig et
al. 1996). Interestingly, the temporal masting
patterns of these species arise in response to
variation in environmental factors such as precipitation and temperature and appear to have
an evolved cycling mechanism (Koenig and
Knops 2013). This combination of cyclical
behavior and a partial dependence on environmental conditions has also been observed
in 5 Florida scrub oak species (Abrahamson
and Layne 2003). We recorded only one
period of high productivity (2008) and are thus
likely underestimating the degree of spatial
and temporal reproductive synchrony for Q.
pacifica.
Resprouting will likely affect the ability of
existing trees to persist, but the dispersal
of acorns may be necessary to convert nonnative grassland into chaparral. Quercus
pacifica readily resprouts, and in the absence of ungulate herbivory, such sprouts
may develop into full-grown trees (Knapp
2010a). However, a combination of sprouting
and seeding is likely adaptive in regularly
disturbed vegetation communities (Bellingham and Sparrow 2000). Restoration trials
on Santa Catalina Island suggest that acorns
planted in a way similar to scatter-hoarding
show high rates of survival, especially during
wet years and if protected from herbivory
(Stratton 2010). Additional years of acorn
counts and oak stand surveys that include
seedling and sprout counts will provide a
clearer understanding of recruitment in Q.
pacifica.
The complexity of our results underscores
the important role of long-term data collection in understanding the dynamics of oak
seed production and stand structure. These
data establish a baseline for future moni toring of the Channel Islands’ oak popula tions. Future work should be extended to
include detailed stem mapping of oaks at
multiple sites per island and quantifying
patterns of flowering within and between
islands. We also need systematic studies of
how endemic animal populations, such as the
Catalina California ground squirrels (Spermophilus beecheyi nesioticus), interact with
island oaks.
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STATUS AND TRENDS OF THE ROCKY INTERTIDAL
COMMUNITY ON THE FARALLON ISLANDS
Jan Roletto1, Scott Kimura2, Natalie Cosentino-Manning3,
Ryan Berger4, and Russell Bradley4
ABSTRACT.—The Farallon Islands in the Gulf of the Farallones National Marine Sanctuary (GFNMS) is a 7-island
chain located 48 km west of San Francisco, California. Since 1993, GFNMS biologists and associates have monitored
algal and invertebrate species abundances on the intertidal shores of the 2 South Farallon Islands. The monitoring
occurred 1–3 times yearly in 6 study areas. In each study area, 3–4 permanent, 0.15-m2 quadrats located between the
upper and midintertidal zones were sampled for algal and sessile invertebrate cover and invertebrate counts. Taxonomic
surveys were also completed to document other species in the vicinity of the sampling quadrats and to further characterize the sampling areas. Here we report monitoring results for the period 1993 to 2011. While species richness has
remained relatively stable and high compared to the nearest mainland sites (Sonoma County through San Mateo
County), there has been a slow, long-term net decline in the abundance of algal species and mussels at various sites on
the islands. Causes for the declines remain unknown, but increased trampling from rising numbers of pinnipeds and
increased waste from pinnipeds and seabirds are among the influences suspected to be important.
RESUMEN.—Las Islas Farallon en el Santuario Nacional Marino Golfo de Farallones (SNMGF) es un archipiélago de
siete islas situado a 48 km al oeste de San Francisco, California. Desde 1993, los biólogos y asociados del SNMGF han
monitoreado la abundancia de especies de algas e invertebrados en las costas intermareales de las dos Islas Farallon del
sur. El seguimiento se produjo una a tres veces al año en seis áreas de estudio, en los que se estudiaron de tres a cuatro
cuadrantes permanentes de 0.15 m2 situados entre las zonas intermareales superior y media donde se muestrearon la
cubierta de algas y el número de invertebrados sésiles. Adicionalmente, se realizaron estudios taxonómicos para documentar otras especies y caracterizar las áreas de muestreo en las proximidades de los cuadrantes. Aquí incluimos los
resultados del monitoreo para el período entre 1993 y 2011. Mientras que la riqueza de especies se ha mantenido relativamente estable y elevada en comparación con otros sitios de muestreo cercanos en el continente (Condado de Sonoma
a al Condado de San Mateo), se ha observado un lento descenso neto a largo plazo en la abundancia de especies de algas
y mejillones en varios sitios en las islas. Las causas de este descenso siguen siendo desconocidas, pero se sospecha que
la influencia del aumentó en el pisoteo del creciente número de pinnípedos y el aumento de los residuos de pinnípedos
y aves marinas son importantes.

The Farallon Islands in the Gulf of the Farallones National Marine Sanctuary (GFNMS)
is a chain of 7 islands and emergent rocky
pinnacles located 48 km (30 mi) west of San
Francisco, California, 37°42 N and 123°00 W
(Fig. 1). The islands and pinnacles are part of
a granitic submarine ridge flanking the continental shelf (Blankinship and Keeler 1892,
Hanna 1951). They are recognized as an
ecosystem unique for its location and diversity of species across a broad range of biological communities. For these reasons, the
habitats and natural resources at the islands
and emergent pinnacles are afforded many
levels of resource management, protection,
conservation, and oversight. Above the mean
high-tide level, the terrestrial portions of

the islands are within the Farallon National
Wildlife Refuge. Below the mean high-tide
level, the intertidal and subtidal areas are
within GFNMS and are recognized and
designated by the State Water Resources
Control Board as an Area of Special Biological
Significance (ASBS). Furthermore, portions of
the islands’ intertidal and subtidal are designated as State Marine Protected Areas (MPAs),
which were created by the Marine Life Protection Act passed by the California State
Legislature in 1999. At the Farallon Islands
are 2 state marine reserves, 2 special closure
areas, and one state marine conservation
area. Also, the islands are not open to public
visitation, and access is by permit and for
scientific purposes only.

1Gulf of the Farallones National Marine Sanctuary, 991 Marine Dr., San Francisco, CA 94129. E-mail: jan.roletto@noaa.gov
2Tenera Environmental, 141 Suburban Rd., Suite A2, San Luis Obispo, CA 93401.
3National Oceanic and Atmospheric Administration, Fisheries Restoration Center, 777 Sonoma Ave., Santa Rosa, CA 95404.

4Point Blue (formerly PRBO) Conservation Science, 3820 Cypress Drive #11, Petaluma, CA 94954.
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Fig. 1. Sanctuary Ecosystem Assessment Surveys (SEAS) rocky intertidal study areas on the South Farallon Islands,
California (37°42 N, 123°00 W). Dots indicate locations of the 6 study areas. Map data (left panel): ©2012 Google,
LDEO-Columbia, NSF, NOAA, SIO, NOAA, U.S. Navy, NGA, GEBCO, MBARI, Image Landsat. Map data (right
panel): ©2008 Google, SIO, NOAA, U.S. Navy, NGA, GEBCO, CSUMB SFML, CA OPC.

Blankinship and Keeler (1892) completed
the first survey of the intertidal community
on the Farallon Islands. Their work provided
a general description of the island’s geology
and biota and a temporal snapshot of the intertidal community. The next intertidal survey
was 87 years later, completed by the California
State Water Resources Control Board as a
reconnaissance survey to consider designation
of the islands as an ASBS (CSWRCB 1979).
The only other published investigations involving assessment or documentation of the
intertidal habitat on the islands focused on
the distribution of Foraminifera (Grivetti 1962)
and the systematics of Porifera (Klontz 1989).
Since 1993 and as part of the Sanctuary
Ecosystem Assessment Surveys (SEAS), the
GFNMS has monitored intertidal algal and
invertebrate species abundances on the rocky
shores of the 2 South Farallon Islands (Southeast
Farallon and Maintop Islands). The long-term
monitoring program was created to characterize
the intertidal habitat and to maintain an ongoing
database of species abundances in the event of
oil spills. Here we present data spanning August
1993–February 2011 summarizing macroalgal
and invertebrate changes on the Farallon Islands.
METHODS
Study Areas
There are 6 study areas on the 2 South Farallon Islands (Southeast Farallon and Maintop

Islands), which are the 2 largest of the 7
islands (Fig. 1). Together these islands are 44
ha in size and are separated by a narrow surge
channel. A narrow and discontinuous reef
characterizes the intertidal zone, exposed only
on minus tides. The landward rise is often
steep, highly worn, and characterized by cracks
and crevices, surge channels, and sea caves
(Hanna 1951). No rocks or boulder fields are
found in the upper intertidal, and the only
sand is coarse grained, with cobbles deposited
at the heads of surge channels. Intertidal zones
were categorized based on species composition. Many locations on the islands are used as
seasonal and year-round haul-outs for pinnipeds. As such, the study areas selected were
accessible and disturbance to pinnipeds (and
seabirds) was minimized, as required by the
Sanctuary and Refuge permits. The number
of study areas and number of quadrats in
each study area were also selected based on
logistics and funding. See Appendix 1 for the
physical descriptions of each study area and
quadrat.
Sampling Design
Three to four permanent, 30 × 50-cm
quadrats (0.15 m2) between the upper and
midintertidal zones (Ricketts et al. 1985) were
sampled in each of the 6 study areas (Fig. 1).
The quadrat locations were marked with
marine epoxy on the rock substrate. Sampling
was completed up to 3 times annually (August,
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November, February), beginning in 1993.
Sampling was not scheduled to occur during
the peak algal growth season (May–July) to
minimize and avoid disturbance to breeding
seabirds and pinnipeds that typically use the
sampling areas.
All surveys included taking photographs of
each quadrat followed by point-intercept sampling, which consisted of sampling 50 random
points for algal and sessile invertebrate cover.
All algal and sessile invertebrate species under
each sampling point were identified and recorded to the lowest taxonomic level practical
(Foster et al. 1991, Dethier et al. 1993). Multiple
layers of the same species (taxon) at a single
sampling point were tallied as a single occurrence, but layers of multiple species under a
single point resulted in multiple tallies (contacts) per sampling point. As such, total algal
cover (all species tallies combined for a quadrat)
could exceed 100% cover for highly layered
quadrats. Point-intercept assessments in each
quadrat also included a tally of dead animals
(i.e., empty barnacle tests or shells and percentage of dead or bleached algae/plants)
and the number of contacts of bare (uncolonized) rock or sand and crustose species
across the sampling points.
Invertebrate densities within each quadrat
were based on counts of select species (taxa)
within 25 × 25-cm and 10 × 10-cm subquadrats,
nested within the 30 × 50-cm quadrats. Data
are presented here only for Mytilus californianus, due to low occurrences of other invertebrates.
Algal and invertebrate species of uncertain
identity were collected from outside the
quadrat and identified in the laboratory. Identifications were based primarily on Dawson
and Foster (1966), Kozloff (1983), Smith and
Carlton (1975), Abbott and Hollenberg (1976),
and Carlton 2007. Algal voucher specimens
are presently archived at the GFNMS office in
San Francisco, California, and at the University of California, Berkeley, Jepson Herbarium.
RESULTS
For the period February 1993–February
2011, the rocky intertidal species inventory
for the South Farallon Islands consisted of
223 invertebrate taxa, 7 fish taxa, 187 algal
taxa, and 1 seagrass taxon (Appendixes 2–4).
Of all the algal species listed in Appendix 4,
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three are presently considered to be rare in
the sampling region or outside their normal
range: Branchioglossum undulatum and Myriogramme variegata have not been previously
documented north of Carmel Bay, California,
and Ulva conglobata is considered an introduced species.
Species abundances, averaged across all 6
study areas for 2010 and 2011 (the most recent
sampling years), revealed that the top 10
species comprised >90% of the total upright
algal cover for those 2 years combined. Species
abundance was variable across the 6 study
areas, except for the articulated coralline algal
species Corallina vancouveriensis, which was
either the first or second most abundant
species (>20% mean cover) in the study areas
(Table 1). The Mazzaella flaccida-complex, a
foliose red algal assemblage, was also abundant, except in the quadrats at Mussel Flat,
where Anthopleura elegantissima covered large
amounts of the substrate. The Mazzaella flaccida-complex consisted of several species of
Mazzaella, with M. flaccida being the most
abundant. The green sea lettuce Ulva spp., the
branched turf alga Gelidium spp., the red
bladed alga Mastocarpus papillatus, and nail
brush seaweed Endocladia muricata were consistently found at each of the study areas, but
abundance was variable, typically <20% mean
cover in each area. The most commonly sampled invertebrates included mussels Mytilus
californianus, aggregating anemones Anthopleura elegantissima, and the barnacles Tetraclita rubescens and Balanus spp.
From 1993 through 2011, upright (noncrustose) algal species declined in abundance (Fig.
2). Total upright algal abundance at Low Arch,
for example, declined from nearly 240% mean
cover to approximately 140% mean cover. At
all study areas, the decline was offset by
increases in crustose algal cover, which was
greatest at Dead Sea Lion Flat where the
combined coverage of crustose species increased from <10% mean cover to >50%
mean cover from 1993 to 2011 (Fig. 3). The
decline in algal cover is also substantiated by
a corresponding increase in uncolonized (bare
rock or sand) substrate in all areas (Fig. 4).
While an overall decline in the combined
coverage of upright algal species was detected, the average number of species sampled
in each quadrat (i.e., species richness) over the
long term has not exhibited the same trend,
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TABLE 1. Mean percent cover of taxa sampled in permanent point-intercept quadrats on the South Farallon Islands,
2010–2011.
Southeast Farallon Island
_______________________________________
Blow Hole Dead Sea
Mussel
Low
Peninsula
Lion Flat
Flat
Arch
Species
Bossiella/Calliarthron spp.
Corallina vancouveriensis
Cryptopleura/Hymenena spp.
Egregia menziesii
Endocladia muricata
filamentous green algae
filamentous red algae
Gelidium spp.
Mastocarpus jardinii
Mastocarpus papillatus
Mazzaella affinis
Mazzaella flaccida-complex
Microcladia borealis
Microcladia coulteri
Neogastroclonium subarticulatum
Neorhodomela larix
Osmundea spectabilis
Phyllospadix scouleri
Plocamium spp.
Porphyra spp.
Prionitis spp.
Ulva spp.
Mean number of noncrustose species
Crustose coralline complex
Crustose noncoralline complex
Bare rock/sand % cover
Barnacles % cover
Mussels % cover
Anemones % cover
Mean number of dead invertebrates
Bleached plants % cover

1.3
20.8
1
8
16.5
0
0
1
0
3.8
0.8
34
0
0
4.5
0
0
0
0
0
0
4.5
9.6
4.5
6.3
34.5
0.5
45.3
0
0.3
0.3

although taxon numbers have been variable
within and between years (Fig. 5).
As with the upright algal species, Mytilus
californianus declined at all locations that
had sufficient numbers of M. californianus to
quantify (Figs. 6, 7). Mussel cover at Blow
Hole Peninsula declined from approximately
75% mean cover to approximately 45% mean
cover; and at Low Arch, mussel cover declined
to nearly zero abundance. The decline in mussel cover corresponded to similar declines in
mussel densities (Fig. 7). For example, mussel densities at Blow Hole Peninsula declined
from approximately 180 mussels ⋅ 0.15 m–2 to
approximately 135 mussels ⋅ 0.15 m–2 and at
Drunk Uncle Islet densities declined from
approximately 92 mussels ⋅ 0.15 m–2 to 33
mussels ⋅ 0.15 m–2 (Fig. 7). In areas where
mussels were less common, such as Low Arch,
mussels became almost absent in 2011.

0.5
21.5
0
0
0
0
0
1
0
4
0.3
23.8
0.3
0
0.3
8.8
0
3
0
0
0.8
16.8
9.5
8.5
37.3
20
0
0
0
0.1
2.8

0
17.3
0
0
4.3
7.8
10
4.5
0.3
3
3.8
0.3
0.5
0.3
0.5
0
0
0
0.8
0
0
6
10.5
9.8
14
31
5.8
0
25.3
1.8
3.8

Maintop Island
_____________________
Drunk Uncle Raven’s
Islet
Cliff

0.3
58.7
4
0
0
0.3
0
0.3
5.7
6
0.3
41.3
0
0
0
0
0
0
0
0
3
0
8
16.7
3.7
42.7
4
0.3
0
0.2
1.3

0
27.3
0
0
1
0
0
7
0.3
2.3
0
1.3
0.3
0
0
0
0
0
0
0
2.7
0
6.5
1.3
12.3
30
11.3
35.3
0
2.2
1.7

10
48.8
1.5
0
0.8
0
0
1
0
7.8
0
15
3
0
0
0
0.3
7.3
0
1.8
5.5
1.3
12
9.8
4
29.5
3.3
23
0
12
10.3

DISCUSSION
There was a conspicuous absence of rockweeds (Fucales) on the islands. In particular,
Fucus distichus and Silvetia compressa (previously Pelvetia fastigiata) were not found in 18
years of sampling. Prior to the beginning of
the SEAS monitoring program in 1993, these
2 rockweed species were noted on the islands
by Blankinship and Keeler (1892) and CSWRCB
(1979). It is not known if these records constituted an error in reporting by the investigators
or if both species were actually present. The
only rockweed species observed since then
has been Fucus distichus occurring only as
floating, detached drift near the islands (Cosentino et al. 2001). In contrast, rockweed
species have been and continue to be very
common and abundant on mainland shores in
Central and Northern California (Cosentino et
al. 2001, Tenera, Inc. 2011).
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Fig. 2. Change in percent cover of all upright, noncrustose algal species at the SEAS study areas on the South Farallon
Islands, 1993–2011.
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Fig. 3. Change in percent cover of all crustose algal species at the SEAS study areas on the South Farallon Islands,
1993–2011.
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Fig. 4. Change in percent cover of uncolonized area (bare rock and sand) at the SEAS study areas on the South Farallon
Islands, 1993–2011.
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Fig. 5. Change in species richness (total taxa sampled) at the SEAS study areas on the South Farallon Islands,
1993–2011.
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Fig. 6. Change in percent cover of Mytilus californianus at the SEAS study areas on the South Farallon Islands,
1993–2011.
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Fig. 7. Change in density of Mytilus californianus at the SEAS study areas on the South Farallon Islands, 2000–2011.

The data reported here for the 18-year period
(1993–2011) on the South Farallon Islands
reveal a slow, long-term decline in overall algal
and mussel abundance and a corresponding

increase in bare substrate cover and crustose
algal cover. However, short-term changes
within this time span do not necessarily reflect
the same shift but instead reveal much within

270

MONOGRAPHS OF THE WESTERN NORTH AMERICAN NATURALIST

and between year variation (increases and
decreases) among study areas. This variation
can be associated with sampling error and
observer variation. Different sets of biologists
sampled the quadrats among the various surveys, and this may account for a portion of
the data variation within and between years
and among study areas. However, the overall
decrease in total noncrustose algal cover and
mussel abundance from 1993 to 2011 exceeds
the short-term interannual variations in the
data potentially associated with observer variation. This pattern provides evidence in support of the long-term changes detected and
underscores the importance of conducting
studies over long periods of time (i.e., decades)
to ensure that changes detected in abundances
are not artifacts of sampling errors related to
observer variation.
The causes for the long-term declines in
algal cover and mussel abundance remain
unknown. Sea surface temperatures (SST) are
known to influence the composition and abundance of intertidal species, spore and larval
distribution, grazing, predation, and vulnerability to disease (Sagarin et al. 1999, Steinbeck
et al. 2005, Petes et al. 2008). Of note, there
was a large temperature increase in the present study period associated with the 1997–
1998 El Niño followed by declines in temperature regimes. However, upwelling strength
(inferred productivity) did not necessarily
increase with the overall decrease in water
temperatures (Abraham and Sydeman 2004,
PFEL 2013). As such, the relationship between
declines in algal and mussel abundance and
shifts in water temperature regimes and
nutrient associations remain unresolved. Because public access is prohibited on the South
Farallon Islands, resource extraction and trampling from humans are discounted as causes
for the declines. On the other hand, the
declines are coincidental with (1) increased
numbers of pinnepeds (Point Blue 2012)
hauling out on intertidal areas to rest, breed,
nurse, and molt and (2) a large increase in
overall seabird numbers on the islands
(Warzybok et al. 2012). Accordingly, the declines may be due in part to a trampling effect
from pinnipeds, similar to what occurs from
human activity on rocky shores (Boal 1980).
The changes may also be influenced by increased nutrient and uric acid loading from
pinniped and seabird wastes.
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The declines of mussels and algae detected
in the monitoring on the South Farallon
Islands appear unique, as declines of similar
nature have not been reported for nearby sites
along the mainland coast (MARINe 2013). As
such, further investigations of the relationship
between the declines and rising pinniped
and seabird populations, and possible climate
change (e.g., sea surface temperatures, upwelling, Pacific Decadal Oscillation) are warranted to help establish cause-and-effect
relationships between the intertidal biota on
the Farallon Islands and factors influencing
changes to the intertidal community. Further
investigations are warranted to determine if
the changes to the intertidal community on the
islands relative to the mainland communities
represent a unique set of species’ responses to
an atypical set of environmental influences at
the islands.
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APPENDIX 1.—Quadrat descriptions. See Fig. 1 for exposure of wave direction at each sample area.

Quadrat number

Area

Zone

Exposure

Q1
Q2
Q3
Q101
Q4
Q5
Q6
Q103a
Q7
Q9
Q104
Q105
Q10
Q11
Q12
Q13
Q14
Q15
Q16
Q17
Q18
Q19 b
Q20 b
Q22b
Q102b

Blow Hole Peninsula
Blow Hole Peninsula
Blow Hole Peninsula
Blow Hole Peninsula
Dead Sea Lion Flat
Dead Sea Lion Flat
Dead Sea Lion Flat
Dead Sea Lion Flat
Drunk Uncle Islet
Drunk Uncle Islet
Drunk Uncle Islet
Drunk Uncle Islet
Raven’s Cliff
Raven’s Cliff
Raven’s Cliff
Raven’s Cliff
Raven’s Cliff
Raven’s Cliff
Low Arch
Low Arch
Low Arch
Mussel Flat
Mussel Flat
Mussel Flat
Mussel Flat

Mid
Mid
Mid
High
Mid
Mid
High
Low
Low
Low
High
Mid
Mid
Low
Low
High
Mid
Mid
Mid
Mid
High
Mid
Mid
Low
High

Semiexposed
Semiexposed
Exposed
Semiexposed
Semiexposed
Semiexposed
Semiexposed
Semiexposed
Semiexposed
Exposed
Semiexposed
Semiexposed
Exposed
Semiexposed
Semiexposed
Exposed
Semiexposed
Semiexposed
Semiexposed
Semiexposed
Semiexposed
Protected
Protected
Protected
Protected

Height above
zero mean
tide (m)

Used as
pinniped
haul-out

1.6
2.1
2
1.8
1.4
1.3
1.7
0.8
0.7
0.7
2.1
1.5
1.7
0.4
0.7
3.3
1.7
1.2
1.5
1.5
1.8
0.3
0.4
0.5
2

rare
rare
rare
rare
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
no
no
no
no

aQuadrat 103 is the only quadrat with a sandy substrate.
bQuadrats 19, 20, 22, and 102 are on steeply sloping or vertical walls and are not subjected to trampling from pinnipeds.

APPENDIX 2. South Farallon Islands intertidal invertebrate species inventory, as of February 2011.
ANNELIDA
Arabella iricolor
Dodecaceria fewkesi
Nereis guberi
Phragmatopoma californica
Phyllochaetopterus prolifica
Serpula vermicularis
Spirorbis borealis
Thelepus crispus
ARTHROPODA
Acanthomysis sp.
Achelia chelata
Achelia nudiscula
Achelia spinoseta
Allorchestes anceps
Alpheus dentipes
Ammothea hilgendorfi
Amphiodia occidentalis
Anatanais normani
Balanus amphitrite
Balanus glandula
Balanus nubilus
Cancer productus
Caprella anomala
Caprella californica
Chthamalus dalli
Cirolana harfordi
Elasmopus serricatus
Exosphaeroma inornata

APPENDIX 2. Continued.
Fabia subquadrata
Gnorimosphaeroma sp.
Hemigrapsus nudus
Hyale grandicornis
Ianiropsis kincaidi
Idotea fewkesi
Idotea resecata
Idotea schmitti
Idotea stenops
Idotea urotoma
Idotea wosnesenskii
Lecythorychus hilgendorfi
Ligia occidentalis
Ligia pallasii
Limnoria algarum
Littorophiloscia richardsonae
Lophopanopeus leucomanus
Melita californica
Metacarcinus magister
Nymphopsis spinosissima
Oedignathus inermis
Oligochinus lighti
Pachygrapsus crassipes
Pagurus hirsutiusculus
Pagurus samuelis
Paracerceis cordata
Parallorchestes ochotensis
Paraxanthia taylori
Pollicipes polymerus

2014]

APPENDIX 2. Continued.
Polycheria osborni
Porcellio americanus
Pugettia gracilis
Pugettia producta
Romaleon antennarium
Scyra acutifrons
Semibalanus cariosus
Tetraclita rubescens
CNIDARIA
Allopora porphyra
Anthopleura elegantissima
Anthopleura sola
Anthopleura xanthogrammica
Aurelia aurita
Balanophyllia elegans
Corynactis californica
Epiactis prolifera
Obelia sp.
Stylantheca porphyra
Symplectoscyphus turgidus
Tethya aurantia
Tubularia crocea
Urticina lofotensis
ECHINODERMATA
Amphiodia occidentalis
Amphipholis squamata
Dermasterias imbricata
Henricia leviuscula
Leptasterias hexactis
Leptasterias pusilla
Loxorhyncus crispatus
Ophiopholis aculeata
Ophiothrix spiculata
Pisaster giganteus
Pisaster ochraceus
Pycnogonum stearnsi
Pycnopodia helianthoides
Strongylocentrotus droebachiensis
Strongylocentrotus franciscanus
Strongylocentrotus purpuratus
ENTOPROCTA
Barentsia benedeni
BRYOZOA
Flustrellidra corniculata
Integripelta bilabiata
MOLLUSCA
Acmaea mitra
Alia tuberosa
Amphissa columbiana
Amphissa versicolor
Anisodoris nobilis
Balcis thersites
Barleeia haliotiphila
Barleeia subtenuis
Berthella californica
Bittium eschrichtii
Cadlina luteomarginata
Cadlina modesta
Calliostoma annulatum
Calliostoma canaliculatum
Calliostoma ligatum
Chama arcana
Chlorostoma brunnea
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APPENDIX 2. Continued.
Chlorostoma funebralis
Corolla spectabilis
Crassadoma giganteum
Crepidula adunca
Crepidula perforans
Crepipatella lingulata
Cryptochiton stelleri
Cryptomya californica
Cyanoplax dentiens
Cymakra aspera
Diodora aspera
Diplodonta orbella
Dirona picta
Epitonium tinctum
Flabellina trilineata
Granulina margaritula
Haliotis cracherodii
Haliotis rufescens
Hermissenda crassicornis
Hiatella arctica
Hipponix craniodes
Irus lamellifer
Ischnochiton regularis
Katharina tunicata
Kellia laperousii
Lacuna cistula
Lacuna marmorata
Lacuna porrecta
Lacuna unifasciata
Lasaea subviridis
Lirobittium purpureum
Littorina keenae
Littorina scutulata
Littorina sitkana
Lottia asmi
Lottia digitalis
Lottia gigantea
Lottia insessa
Lottia instabilis
Lottia limatula
Lottia pelta
Lottia persona
Lottia scabra
Lottia scutum
Lottia strigatella
Lottia triangularis
Megatebennus bimaculatus
Milneria minima
Modiolus capax
Modiolus carpenti
Mopalia ciliata
Mopalia muscosa
Musculus pygmaeus
Mytilus californianus
Nassarius mendicus
Nuttallina californica
Ocinebrina atropurpurea
Ocinebrina interfossa
Ocinebrina luridaOctopus dofleini
Octopus dofleini
Octopus rubescens
Odostomia sp.
Okenia rosacea
Onchidella borealis
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APPENDIX 2. Continued.
Opalia wroblewskyi
Placiphorella velata
Penitella conradi
Penitella turnerae
Petricola carditoides
Philobrya setosa
Protothaca staminea
Rostanga pulchra
Tonicella lineata
Tonicella lokii
Transennella tantilla
Trimusculus reticulatus
Triopha catalinae
Triopha maculata
PORIFERA
Anaata spongigartina
Antho lithophoenix
Aplysilla glacialis
Aplysilla polyraphis
Axocielita originalis
Clathria sp.
Geodia mesotriaence
Halichondria panicea
Haliclona sp.
Higginsia sp.
Leucandra heathi
Leucilla nuttingi
Leucosolenia eleanor
Lissodendoryx topsenti
Mycale psila
Myxilla incrustans
Ophlitaspongia pennata
Scypha sp.
Stelletta clarella
Suberites sp.
Tedania gurjanovae
Tethya aurantium
SIPUNCULA
Phascolosoma agassizii
CHORDATA TUNICATA
Aplidium californicum
Archidistoma eudistoma
Archidistoma ritteri
Cystodytes lobatus
Didemnum carnulentum
Pycnoclayella stanleyi
Ritterella aequalisphonis
Styela montereyensis

APPENDIX 3. South Farallon Islands intertidal fish
species inventory, as of February 2011.
CHORDATA (FISH)
Clinocottus acuticeps
Clinocottus embryum
Clinocottus recalvus
Gobiesox maeandricus
Oligocottus maculosus
Oligocottus snyderi
Xiphister mucosus
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APPENDIX 4. South Farallon Islands intertidal algae
species inventory, as of February 2011.
CHLOROPHYTA
Acrosiphonia coalita
Blidingia minima var. vexata
Bryopsis corticulans
Cladophora columbiana
Cladophora graminea
Codium fragile
Codium setchellii
Derbesia marina
Endophyton ramosum
Entocladia viridis
Prasiola meridionalis
Ulothrix flacca
Ulva californica
Ulva clathrata
Ulva compressa
Ulva conglobata
Ulva flexuosa
Ulva intestinalis
Ulva lactuca
Ulva lobata
Ulva taeniata
Urospora sp.
OCHROPHYTA
Alaria marginata
Analipus japonicus
Colpomenia peregrina
Compsonema serpens
Costaria costata
Desmarestia herbacea
Desmarestia munda
Dictyoneurum californicum
Egregia menziesii
Hinksia sandriana
Laminaria ephemera
Laminaria setchellii
Laminaria sinclairii
Leathesia difformis
Melanosiphon intestinalis
Petalonia fascia
Petrospongium rugosum
Postelsia palmaeformis
Pterygophora californica
Pylaiella sp.
Ralfsia sp.
Scytosiphon dotyii
Scytosiphon lomentaria
Spongonema tomentosum
Stephanocystis osmundacea
RHODOPHYTA
Acrochaetium sp.
Ahnfeltiopsis leptophylla
Ahnfeltiopsis linearis
Anotrichium furcellatum
Antithamnion dendroidum
Audouinella subimmersa
Bangia sp.
Bornetia californica
Bossiella dichotoma
Bossiella plumosa
Bossiella schmittii
Branchioglossum bipinnatifidum
Branchioglossum undulatum
Calliarthron tuberculosum
Callithamnion biseriatum
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Callithamnion pikeanum
Callophyllis crenulata
Callophyllis flabellulata
Callophyllis heanophylla
Callophyllis linearis
Callophyllis obtusifolia
Callophyllis pinnata
Callophyllis violacea
Centroceras clavulatum
Ceramium gardneri
Ceramium pacificum
Chondracanthus canaliculatus
Chondracanthus corymbiferus
Chondracanthus exasperatus
Chondracanthus harveyanus
Chondracanthus spinosus
Clathromorphum parcum
Constantinea simplex
Corallina chilensis
Corallina vancouveriensis
Corallophila eatonianum
Cryptopleura corallinara
Cryptopleura lobulifera
Cryptopleura ruprechtiana
Cryptopleura violacea
Cumagloia andersonii
Delesseria decipiens
Dilsea californica
Endocladia muricata
Erythrophyllum delesserioides
Erythrotrichia carnea
Farlowia compressa
Farlowia conferta
Farlowia mollis
Faucheocolax attenuata
Gelidium coulteri
Gelidium robustum
Gloiocladia laciniata
Goniotrichopsis sublittoralis
Gracilariophila oryzoides
Gracilariopsis andersonii
Grateloupia californica
Grateloupia filicina
Griffithsia pacifica
Gymnogongrus chiton
Halosaccion glandiforme
Halymenia schizymenioides
Herposiphonia parva
Herposiphonia plumula
Hildenbrandia occidentalis
Hymenena flabelligera
Hymenena multiloba
Janczewskia gardneri
Leachiella pacifica
Lithophyllum dispar
Lithothrix aspergillum
Maripelta rotata
Mastocarpus jardinii
Mastocarpus papillatus
Mazzaella affinis
Mazzaella californica
Mazzaella flaccida
Mazzaella leptorhynchos
Mazzaella linearis
Mazzaella oregona
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APPENDIX 4. Continued.
Mazzaella parksii
Mazzaella rosea
Mazzaella splendens
Mazzaella volans
Melobesia marginata
Melobesia mediocris
Membranoptera dimorpha
Mesophyllum lamellatum
Microcladia borealis
Microcladia coulteri
Myriogramme spectabilis
Myriogramme variegata
Neogastroclonium subarticulatum
Neoptilota densa
Neoptilota hypnoides
Neorhodomela larix
Nienburgia andersoniana
Odonthalia floccosa
Opuntiella californica
Osmundea spectabilis
Peyssonnelia sp.
Peyssonneliopsis epiphytica
Phycodrys setchellii
Pikea californica
Pikea pinnata
Pleonosporium vancouverianum
Plocamium pacificum
Plocamium violaceum
Polyneura latissima
Polysiphonia hendryi
Polysiphonia pacifica
Porphyra perforatarionitis lanceolata
Prionitis lanceolata
Prionitis linearis
Prionitis sternbergii
Pseudolithophyllum neofarlowii
Pterochondria woodii
Pterocladia caloglossoides
Pterosiphonia baileyi
Pterosiphonia bipinnata
Pterosiphonia dendroidea
Pterothamnion villosum
Ptilota filicina
Ptilothamnionopsis lejolisea
Pugetia fragilissima
Pyropia gardneri
Pyropia lanceolata
Pyropia nereocystis
Pyropia perforata
Rhodochorton purpureum
Rhodymenia californica
Rhodymenia callophyllidoides
Rhodymenia pacifica
Rhodymeniocolax botryoides
Sahlingia subintegra
Sarcodiotheca gaudichaudii
Schimmelmannia plumosa
Scinaia confusa
Smithora naiadum
Stenogramma interrupta
Stylonema alsidii
Tiffaniella snyderae
Weeksia reticulata
TRACHEOPHYTA
Phyllospadix scouleri
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ON THE ORIGINS OF THE INSECT FAUNA OF CALIFORNIA’S
CHANNEL ISLANDS: A COMPARATIVE PHYLOGEOGRAPHIC
STUDY OF ISLAND BEETLES
Michael S. Caterino1,4, Stylianos Chatzimanolis2, and Maxi Polihronakis Richmond3
ABSTRACT.—California’s 8 Channel Islands host a large diversity of insects, the vast majority of which are shared
with mainland southern California. The existence of a small number of recognized endemic species, however, suggest that, for some lineages, the islands are isolated enough to have permitted significant differentiation. Here we
investigate the phylogeographic relationships of 4 beetle species (Thinopinus pictus, Hadrotes crassus, Hypocaccus
lucidulus, and Nyctoporis carinata): all occurring on the mainland and on multiple (up to 6) Channel Islands.
Sequences of the cytochrome oxidase I mitochondrial gene (and, for one species, an intron in the nuclear guftagu
gene) are analyzed by Bayesian, haplotype network, and population genetic methods to examine relationships and
gene flow among island and mainland populations. In no instances were all island populations resolved to be monophyletic, and northern (Santa Cruz, Santa Rosa, San Miguel) and southern (San Nicolas, San Clemente, Santa Catalina)
island groups generally showed separate relationships to the mainland. Northern island populations of Hy. lucidulus
were also found to be closely related to those on the southern island of San Nicolas. Populations on San Clemente
and Santa Catalina islands did not show close relationships to each other or to San Nicolas Island populations in any
species. San Clemente and especially San Nicolas islands hosted disproportionately high levels of diversity in all species
examined. This study suggests that the Channel Islands do not function as a biogeographical unit and that several
of the islands exhibit levels of diversity comparable to, or even exceeding, similarly sampled populations on the
mainland. Thus, as an insular refuge from southern Californian development, the Channel Islands constitute a center of
high conservation importance.
RESUMEN.—Las 8 Islas del Canal de California alojan una gran diversidad de insectos, la mayoría también habitan
en la parte continental del sur de California. La existencia de un pequeño número de especies endémicas reconocidas,
sin embargo, sugiere que, para algunos linajes, las islas son lo suficientemente aisladas como para haber permitido una
diferenciación significativa. En este estudio investigamos las relaciones filogeográficas de 4 especies de escarabajos
(Thinopinus pictus, Hadrotes crassus, Hypocaccus lucidulus y Nyctoporis carinata), que se están en el continente y en
múltiples Islas del Canal (hasta 6). Las secuencias del gen mitocondrial citocromo oxidasa I (y, para una especie, un
intrón en el gen nuclear guftagu) son analizados por un método Bayesiano, para construir una red de haplotipos, y los
métodos de genética de poblaciones para examinar las relaciones y el flujo de genes entre las islas y las poblaciones de
tierra firme. En ningún caso se determinó que las poblaciones de la islas fueran monofiléticas, y los grupos de islas
del norte (Santa Cruz, Santa Rosa, San Miguel) y del sur (San Nicolás, San Clemente, Santa Catalina) en general,
mostraron relaciones separadas con el continente. Las poblaciones de las Islas del norte de Hy. lucidulus también
resultaron estar estrechamente relacionadas con las de la isla sureña de San Nicolás. Las poblaciones de San Clemente y
las islas Santa Catalina no mostraron una estrecha relación entre sí o con las poblaciones de las islas de San Nicolás en
ninguna especie. San Clemente y, sobre todo, las islas de San Nicolás tuvieron niveles desproporcionadamente altos de
diversidad en todas las especies examinadas. Este estudio sugiere que las Islas del Canal no funcionan como una unidad
biogeográfica, y que varias de las islas exhiben niveles de diversidad comparable, o incluso superiores, a las poblaciones
muestreadas en el continente. Por lo tanto, como un refugio insular del desarrollo del sur de California, las Islas del
Canal constituyen un centro de alta importancia para la conservación.

As with island systems around the globe,
California’s Channel Islands have attracted a
great deal of scientific attention. Because
islands serve as discrete natural laboratories,
their evolutionary and biogeographic histories have been the subject of considerable
study and have provided the foundation for

key advances in modern biology—most obviously as Darwin’s fundamental inspiration
for the theory of natural selection (Darwin
1859, Losos and Ricklefs 2009), as well as a
supporting source for Ernst Mayr’s transformative ideas on the evolutionary process
(Emerson 2008) and for general theories of
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diversity-area relationships (MacArthur and
Wilson 1967).
Islands are often a natural laboratory in
which to study the effects of serious anthropogenic disturbance (Gillespie and Roderick
2002). The California Channel Islands unfortunately share this attribute as well. These
islands have a long history of human use,
including some of the oldest occupied human
settlements in the New World (>13,000 YBP;
Reeder et al. 2008), intensive historic ranching, and ongoing recreational and military use.
Invasive species—including plants, vertebrates,
and invertebrates—have taken a substantial
toll on the native species of all the islands
(Powell 1994, Junak et al. 1995, Wetterer et al.
2000, Knowlton et al. 2007). Though recent
efforts to remove invasive species and restore
native habitats are alleviating some threats,
the ability of the native systems to recover is
uncertain. In addition to threats from invasive
species, island populations may be at substantial risk from the effects of climate change
because their isolation restricts their abilities
to respond to shifts in habitat zones.
California’s Channel Islands comprise 8
islands off the coast of southern California,
ranging from 2.9 to 249 km2 in size and from
20 to 98 km (Fig. 1) in distance from the mainland. Northern (Anacapa, Santa Cruz, Santa
Rosa, San Miguel) and southern (San Nicolas,
Santa Barbara, San Clemente, Santa Cata lina) island groups are generally recognized.
Although much of the geological history of
the islands remains unclear, certain details are
well established. Most significant is that none
of the islands has had any direct mainland
connection since their most recent complete
emergence from the sea (Wenner and Johnson
1980). San Clemente, Santa Catalina, Santa
Cruz, and Santa Rosa have had emergent land
area since sometime in the Pliocene (2–5
MYBP), whereas San Nicolas, Santa Barbara,
Anacapa, and San Miguel were most likely
completely submerged at some point during
glacial fluctuations in the earlier half of the
past 500,000 years (Sorlien 1994, Dibblee and
Ehrenspeck 2002). However, during the most
recent glacial maximum (about 17,000–18,000
YBP; Vedder and Howell 1980), when sea levels were lowered by as much as 120 m, all 4
of the northern islands were joined into a single super-island (Santarosae), which was separated by as little as 6 km from the mainland
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to the immediate east (Wenner and Johnson
1980). Their connection might have persisted
until as recent as 9000 YBP (Porcasi et al.
1999, Kennett et al. 2008). At this time, all other
islands were larger and closer to each other as
well as to the mainland. Thus, there has been
increased opportunity for movement to and
among islands in recent times.
California’s Channel Islands are sufficiently
isolated to host substantial numbers of endemic
taxa. These include plants (Philbrick 1980,
Junak et al. 1995), vertebrate animals (Knowlton
et al. 2007), and invertebrates (Miller 1985,
Rubinoff and Powell 2004). The origins of these
endemic species have been varied, with some
species representing ancient relicts (e.g., the
island ironwood, Lyonothamnus floribundus,
whose fossil record places it formerly at numerous locations in the mainland southwest)
and others representing recent offshoots of
extant mainland species (such as the island fox,
Urocyon littoralis, a close relative of the gray
fox, Urocyon cinereoargenteus).
Among insects, the level of endemicity on
the Channel Islands is an open question. None
of the 8 islands’ insect faunas are well surveyed (nor, for that matter, is much of the adjacent mainland; Caterino 2006), and the poor
state of taxonomy of many groups precludes
confident assessment of true endemism. Nonetheless, a wide range of origins has been noted
among insects, with some endemic Lyonothamnus-feeding Lepidoptera representing presumably old relicts (Powell 1994). Endemic
Orthoptera mostly represent close relatives to
mainland species in genera that tend to show
local endemism (e.g., Neduba and Cnemotettix;
Rentz and Weissman 1982, Weissman 1985),
and this is also true for a recently described
endemic beetle (Actium vestigialis; Caterino
and Chandler 2010). Others are endemic only
at the subspecies level, indicating even closer
relationships to mainland forms (Miller 1985).
The biogeographic sources of few native
island taxa have been extensively explored. In
an analysis of the Lepidoptera faunas of the
islands, Powell (1994) found that relationships
to the mainland closely reflected overall habitat distribution, with the faunas of drier habitats
on the islands closely resembling those of the
mainland deserts to the southeast and taxa in
more mesic parts of the islands resembling
mainland faunas to the north. These similarities suggest no dominant source but rather

Fig. 1. Sampling of species by island and mainland region.
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that Lepidoptera migrants have found their
way to suitable habitats on the islands from
multiple directions. In contrast, the vast majority of Orthoptera island populations and species
find their conspecifics or near relatives in the
immediately adjacent Santa Monica Mountains
(Weissman 1985).
Besides the question of taxonomic endemicity, Channel Island insects “often vary
slightly in color, sculpture, or size from conspecific mainland specimens” (Miller 1985).
This variability suggests that some level of
cryptic endemicity may be hidden by a conservative taxonomy. In a comparable case, the
Island Scrub-Jay (Aphelocoma insularis), long
considered a morphologically distinguishable subspecies of the widespread Western
Scrub-Jay (Aphelocoma californica), has recently been shown to be highly divergent
from any other western Aphelocoma (Delaney
and Wayne 2005, Delaney et al. 2008). Although
such work has been limited, studies on other
taxa have generally shown significant divergence of island populations from mainland
conspecifics and limited contact among populations on the different islands (Ramirez and
Beckwitt 1995, Landry et al. 1999, Eggert et al.
2004, Rubinoff and Powell 2004, Wilson et
al. 2009). In addition, many species present on
the Channel Islands have reached there in
very recent times, whether through natural
means or through human transport (Powell
1994, Calderwood et al. 2002, Mahoney et al.
2003, Chatzimanolis and Caterino 2007a). It
is likely that various insect species lie along
this entire continuum, including deeply divergent endemics, occasional natural colonists,
and recent anthropogenic introductions.
The beetles (Coleoptera) of the Channel
Islands have received some previous attention
(Miller 1985, Nagano 1985), and this insect
order has been the focus of more intensive
recent work through our California Beetle
Project (Santa Barbara Museum of Natural
History 2013). Of 225 beetle species previously recorded from the Channel Islands
(Miller personal communication), 38 (17%) are
considered to be endemic to one or more
islands (Miller 1985). Our recent surveys,
however, call these numbers into question:
over 640 named species of beetles have now
been recorded from the Channel Islands
(Caterino et al. unpublished), in addition to
dozens of additional morphospecies. Many of
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these morphospecies are in genera inclined
toward local endemism on the mainland, and a
sizeable proportion of these are likely to be undescribed endemics. More clearly understanding the origins of the insect fauna of the Channel
Islands is critical to managing these potentially
rare species and restoring island ecosystems.
In this paper, we analyze phylogeographic
patterns among 4 beetle species, all of which
occur on the Channel Islands and on the adjacent mainland: Thinopinus pictus LeConte,
Hadrotes crassus (Mannerheim) (Staphylinidae), Hypocaccus lucidulus (LeConte) (Histeridae), and Nyctoporis carinata LeConte
(Tenebrionidae). We previously studied the
distribution of genetic diversity and phylogeographic relationships for Hy. lucidulus and N.
carinata on the mainland (Chatzimanolis and
Caterino 2008, Caterino and Chatzimanolis
2009, Polihronakis and Caterino 2010a). The
other 2 are examined here for the first time.
Thinopinus pictus and Ha. crassus are associated with beach wrack in intertidal zones; Hy.
lucidulus is associated with coastal dunes; and
N. carinata is found in inland, fully terrestrial
habitats, where it is associated with fungus on
dead wood. Of these 4, only Hy. lucidulus is
capable of flight, permitting possible dispersal
to and among islands by air. The other species
would presumably be limited to dispersal by
rafting, whether via beach wrack (e.g., Peck
1994) or extreme coastal flooding events
(Wenner and Johnson 1980). There is also the
possibility that any of the species might be
anthropogenic introductions.
We use data from these species to address
several questions of Channel Island biogeography concerning the origins, ages, and uniqueness of populations inhabiting the islands.
Specifically, we examine phylogeographic relationships among haplotypes on the various
islands and adjacent mainland and use phylogenetic trees to infer colonization frequency
and sources for the islands. We use diversity
statistics to compare the levels of intraspecific
diversity found on the islands to that found in
mainland populations. Finally, we use population genetic analyses to assess degree of isolation of populations among islands and between various subsets of the islands and the
mainland. Together these analyses will help us
address synthetic questions, such as whether
the island populations represent endemic
radiations and if not, how many colonizations
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of the islands are necessary to explain the current distributions of each species; whether
island populations have similar mainland
sources, and what can be inferred from these
about routes and means of colonization;
whether there is evidence for ongoing contact
between island and mainland populations; and
whether island relationships reflect purported
geological relationships. These results will
provide a novel perspective on the assembly
and conservation value of the insect fauna of
this interesting group of islands.
METHODS
Sampling: Taxa and Areas
Focal species were selected based on broad
distributions that included the mainland and
enough islands to allow multiple comparisons, as
well as abundance sufficient to obtain meaningful sample sizes. They also represent a diversity
of habitats and life histories, permitting some
exploration of relations between these factors
and degree of phylogeographic structure. For
most of these species our samples represent
only a portion of their total distribution but
most of the areas that might conceivably be
related to island populations. The overall ranges
of Thinopinus pictus and Hadrotes crassus
extend from British Columbia, Canada, to northern Baja California, although the exact limits are
poorly documented. The distribution of Hypocaccus lucidulus is somewhat more restricted,
extending north only into Oregon and south
into Baja California. Most of the range of Nyctoporis carinata, a species confined to California,
is represented.
The samples used were gathered over
several field trips. Most specimens were collected directly into 100% ethanol and stored
at –70 °C. Where possible, we collected 10
individuals of each species from each island.
Where specimens were available from multiple
localities within an island, we selected a total
of 10 samples with roughly equivalent numbers of samples from each sublocality and
treated each island as a single population
throughout. For studies on the California mainland, 10 individuals per species has been adequate to assess patterns of relationship and
interregional diversity in several previous
studies (Chatzimanolis and Caterino 2007b,
2008, Polihronakis and Caterino 2010a). The
total number of samples of each species from
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each island is given in Table 1. DNA was extracted from each specimen using Qiagen’s
DNeasy tissue kit (Valencia, CA), with an identifiable voucher specimen mounted, labeled,
and assigned a unique “California Beetle Project” catalog number. Full locality and voucher
information are available online (http://www
.sbcollections.org/cbp/cbpdatabase1.aspx).
We used previously published data for several
taxa and for most mainland samples. These
sequences correspond to GenBank entries:
EU179681–EU179712 for Hypocaccus lucidulus
COI, EU037099–EU037189 and GU049332–
GU049339 for N. carinata COI, and GU049270–
GU049331 for N. carinata GFT. GenBank
accession codes for all newly generated sequences are given in the appendix.
Sampling: Genes
For all 4 species, we generated sequences
of the cytochrome oxidase subunit I (COI)
gene. This well-studied mitochondrial protein
coding gene has been used in a large number
of phylogeographic and phylogenetic analyses,
especially among insect and arthropod groups
(Caterino et al. 2000). We analyzed a fragment
approximately 826 bp long; most were amplified using primers C1-J-2183 and TL2-N-3014
(aka Jerry and Pat; Simon et al. 1994). In a few
cases, other primers were necessary for successful amplification, but the resulting fragments were trimmed to this length. Though
mitochondrial DNA is known to have some
limitations for phylogeographic inference (e.g.,
rapid coalescence times, maternal lineage bias,
and inability to detect hybridization; Irwin
2002, Zhang and Hewitt 2003), it has proven
useful in establishing preliminary hypotheses
of intraspecific phylogenetic histories. A previous study of Nyctoporis carinata (Polihronakis and Caterino 2010a) established the nuclear intron GFT (in the guftagu gene) as
informative for population relationships, and
we have added sequences of GFT for the
island populations of this species as well. GFT
haplotypes (alleles) were phased manually for
individuals with one polymorphic site. Specimens with 2 or more polymorphic sites were
phased using the program Phase v2.1 (Stephens
et al. 2001, Stephens and Scheet 2005). Haplotype designations follow Polihronakis and
Caterino (2010a). GFT primer sequences are
available in Polihronakis and Caterino (2010a)
or may be obtained from the authors.

Willow Canyon
CA: Los Angeles Co., Santa Catalina Island
Little Harbor
Ben Weston Beach
South Two Harbors
Blackjack Road
33.3857° N, 118.4740° W
33.3680° N, 118.4812° W
33.3566° N, 118.4483° W
33.3919° N, 118.4001° W

34.0380° N, 120.3169° W

34.0628° N, 120.3735° W
34.0460° N, 120.3515° W
34.0418° N, 120.3534° W

33.9979° N, 120.0614° W
34.0040° N, 120.0914° W

33.9828° N, 120.0220° W
33.9842° N, 120.0734° W
33.9850° N, 120.0764° W

Torrey pines grove
Upper Cherry Canyon
Windmill Canyon

Cherry Canyon
Lobo Canyon
CA: Santa Barbara Co., San Miguel Island
Simonton Cove
Cuyler Harbor
Nidever Canyon

33.9094° N, 120.0936° W
34.0053° N, 120.1762° W
34.0200° N, 120.1058° W

Officers Beach
Arlington Canyon mouth
Cow Canyon mouth

33.9607° N, 120.2004° W
33.9797° N, 119.9990° W

34.0051° N, 119.7508° W
34.0320° N, 119.8033° W

34.0222° N, 119.6906° W

Pelican Bay Trail

Portezuela
Lagunitas Secas
CA: Santa Barbara Co., Santa Rosa Island
Bee Canyon
Southeast Anchorage

33.9705° N, 119.8400° W
34.0019° N, 119.7127° W

34.0238° N, 119.8766° W

Coordinates

Johnson Canyon mouth
Prisoners Harbor

CA: Santa Barbara Co., Santa Cruz Island
Santa Cruz Island
Christy Beach

Locality

H30(3), H58
H38(3), H51

H37(2), H38
H30(2)

H35(3)
H10, H36

H9(2), H10(2),
H11(6),H48,
H49, H50

Hc1(7)
Hc1
Hc1, Hc2

Hc1, Hc11
Hc9, Hc10,
Hc18(5)

Hc2, Hc17,
Hc18(6)

Hc2, Hc3

Hypocaccus lucidulus Hadrotes crassus
Haplotypes
Haplotypes

Tp14
Tp15(9)

Tp5(2), Tp22
Tp5(7)

Tp5(4)
Tp5, Tp6,
Tp7(2)

Tp5

Tp5(4), Tp7(3),
Tp20

Thinopinus pictus
Haplotypes

N107(2), N108(3)

N102
N102, N114,
N115
N102

N102
N104
N102, N105,
N106
N101
N104 (3)

N97, N98, N99,
N100
N112, N113
N111

N33, N34

G05(3), G65

G04

G04
G04(2), G63

(G04, G19)
G04(2), G19(2)

G19
—
G04 (2), G19

G04, G19,
G61, G62
G04, G64
G19

G04, G19

Nyctoporis carinata
_______________________________
COI Haplotypes
GFT Haplotypes

TABLE 1. Sampling localities by region and/or island, with haplotype designations and numbers of individuals (in parentheses) exhibiting each haplotype.
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36.2384° N, 121.8162° W
36.0701° N, 121.6000° W
35.7097° N, 121.3107° W
35.3850° N, 120.8645° W

35.2935° N, 120.8788° W
35.0383° N, 120.6309° W

San Luis Obispo Co., Morro Strand

San Luis Obispo Co., Montana de Oro

San Luis Obispo Co., Oceano Dunes

38.3503° N, 123.0666° W
36.6986° N, 121.8095° W

33.0165° N, 118.5958° W

33.0303° N, 118.5789° W

Monterey Co., Pfeiffer Beach
Monterey Co., UC Big Creek Reserve
San Luis Obispo Co., Arroyo de la Cruz

West Cove
Northern Mainland
Sonoma Co., Salmon Ceek
Monterey Co., Marina Beach

Graduation Beach

33.0282° N, 118.5875° W
33.0045° N, 118.5775° W

33.2263° N, 119.5151° W

Southside dunes

CA: Los Angeles Co., San Clemente Island
BUDS Beach
Flasher Road dunes

33.2643° N, 119.4857° W
33.2276° N, 119.4364° W

33.2836° N, 119.5300° W

33.3974° N, 118.3946° W

Coordinates

Sissy Cove
Sandspit

CA: Ventura Co., San Nicolas Island
Thousand Springs

nr. Echo Lake

Locality

TABLE 1. Continued.

H13, H14, H15,
H16(2), H17,
H18, H19,
H20
H16, H17(2),
H28, H29,
H33
H17, H25(7),
H26, H27

H5(7), H6, H7,
H8
H12(10)

H44(4)
H45(3), H46(2),
H47

H41, H42(2),
H43
H9(2), H16,
H39(2), H40

Hc2

Hc1(8)
Hc1(6), Hc2,
Hc4(2), Hc5,
Hc6, Hc7

Hc12(2), Hc13,
Hc14
Hc15(2), Hc16

Hc1, Hc2(2)

Hc1(7)

Hc1(2), Hc2

Hypocaccus lucidulus Hadrotes crassus
Haplotypes
Haplotypes

Tp4(6), Tp14,
Tp16(2), Tp17,
Tp18, Tp19
Tp3(8), Tp21

Tp4

Tp8(3), Tp9,
Tp11, Tp12(2),
Tp13
Tp8, Tp10

Thinopinus pictus
Haplotypes
N107, N108,
N109, N110

G01, G05(2)

Nyctoporis carinata
_______________________________
COI Haplotypes
GFT Haplotypes
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Nyctoporis carinata
_______________________________
COI Haplotypes
GFT Haplotypes

Analyses

H34

34.4100° N, 119.8800° W

34.2461° N, 119.2684° W

34.2331° N, 119.2617° W

33.9213° N, 118.4313° W

33.9172° N, 118.4289° W
34.4545° N, 120.0265° W

33.5377° N, 117.1237° W

Santa Barbara Co., Coal Oil Point Reserve

Ventura Co., Ventura Harbor

Ventura Co., McGrath State Beach

Los Angeles Co., Dockweiler Bluff

Los Angeles Co., El Segundo Beach
Santa Barbara Co., El Capitan
Southern Mainland
San Diego Co., Border Fields

Hc2, Hc18
H2(3), H4,
H30(2)
H1, H2, H3,
H4
H2, H22,
H23(2), H24
H2(2), H21,
H22(2)
H2, H30,
H31(2),
H32(3)
H22
34.4133° N, 119.8833° W
Central Mainland
Santa Barbara Co., Coal Oil Point Reserve

Coordinates
Locality

Tp1(9), Tp2

Thinopinus pictus
Haplotypes
Hypocaccus lucidulus Hadrotes crassus
Haplotypes
Haplotypes
TABLE 1. Continued.
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Our most basic questions focused on the
number of colonizations of the islands from
the mainland, relying on a robust phylogeny
of island and mainland haplotypes. All sequences for each species were filtered for
unique haplotypes using Collapse (ver. 1.2;
Posada 2006). Phylogenetic trees of unique
haplotypes of all species were generated in
MrBayes (ver. 3.1.2; Huelsenbeck and Ronquist 2001). Models were estimated using
MrModelTest; the best model was selected as
indicated by the Akaike information criterion
(AIC). For all MrBayes runs, we ran 4,000,000
generations, with 4 chains, 3 of them heated
with the temperature at 0.2, sampling every
1000 generations. The first 25% of the resulting trees were discarded as burn-in, and a
majority-rule consensus was generated from
the remainder, with consensus indices as posterior probabilities.
Trees were rooted with outgroups (with
GenBank accession numbers) as follows: T.
pictus rooted with the old world Hadropinus
fossor Sharp (GU380341) and Hadrotes crassus
(GU226635), both close relatives within the
subtribe Staphylinina; Ha. crassus rooted with
Hadropinus fossor and T. pictus (GU226619);
Hy. lucidulus rooted with congener Hy. bigemmeus (LeConte) (GU380342 and GU380343);
N. carinata rooted internally following the
results of Polihronakis and Caterino (2010a)
and lacking close relatives. Island colonizations were reconstructed on the complete
rooted Bayesian topologies by using a binary
character in parsimony (using MacClade v 4.06;
Maddison and Maddison 2003), scoring each
haplotype as present on the mainland or
the islands or both (polymorphic). Given the
low divergences among some haplotypes and
the possibility of direct ancestor-descen dant relationships among some, we also used
TCS to generate parsimony network topologies (Clement et al. 2000) with all individuals
(except outgroups) included.
The relative genetic diversities of island
versus mainland populations were assessed
using several measures of gene diversity and
haplotype richness. Within each species we
examined the contribution of each island
population to total genetic diversity by using
C statistics (Petit et al. 1998) calculated with
the program Contrib (ver. 1.02; Petit 2006).
These statistics use haplotype frequency data,
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corrected via rarefaction, to assess relative
diversity and differentiation of population
samples. We report corrected allelic richness
r(N), where N is the minimum number of samples in any population, and CT is the relative
contribution of each population to total allelic
richness. Where multiple mainland populations
were available, they were grouped into the
following categories: “northern” for north of
Point Conception; “central” for Point Conception to Palos Verdes Peninsula; and “southern”
for south of Palos Verdes. For inland populations (N. carinata only), these groups included
“northern” for Sierra Nevada Mountains,
Tehachapi Mountains, Santa Lucia Mountains,
Northwest and Central Transverse Ranges,
and Santa Ynez Mountains; “central” for
Sierra Pelona, San Gabriel Mountains, and San
Bernardino Mountains; and “southern” for
San Jacinto Mountains. Finally, to assess level
of sequence divergence (or phylogenetic distinctness), we calculated nucleotide diversity
(p) for each population using Arlequin (ver.
3.1.1; Excoffier et al. 2005).
To examine phylogeographic structure
among islands and between islands and the
mainland, we conducted AMOVA analyses in
Arlequin under 4 alternative models: a 2group model (all island populations vs. all
mainland populations); a 3-group model (northern islands/southern islands/mainland); a 4group model (northern islands/mainland north
of Pt. Conception/southern islands/mainland
south of Pt. Conception); and an n + 1 model,
separating all n islands occupied by each
species plus the mainland. To detect and localize possible interisland and island–mainland
connections, we calculated PhiST values (also
in Arlequin) with all populations considered
independent (including however many mainland populations were available). Interpopulation divergences were based on Tamura–Nei
corrected distances.
RESULTS
Phylogenetic Patterns
NYCTOPORIS CARINATA.—In Nyctoporis carinata, the mitochondrial tree (Fig. 2) indicated
a single colonization event for the northern
islands (Fig. 3) and 2 separate colonizations
for Santa Catalina Island. The 16 haplotypes
occurring on the northern islands were interspersed, and individual populations did not
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appear to have been isolated long enough to
achieve monophyly. Santa Cruz Island exhibited the greatest diversity, with 9 individuals
each possessing a unique haplotype. Haplotypes on Santa Rosa and San Miguel showed
much lower diversity. Those on San Miguel
showed only direct relationships to ones present on Santa Rosa, reflecting their closer geographic proximity. The mainland origin for this
lineage could not be specified very precisely.
The closest mitochondrial haplotype occurs in
the central portion of the mainland (specifically at Pine Mountain in the central Transverse
Ranges), but these were separated by >10
changes and were not connected at the 95%
confidence level in the haplotype network.
The nuclear haplotype G04 is found on all
the northern islands, as well as in northern
and central mainland areas. Santa Cruz and
Santa Rosa islands shared a unique GFT
allele, with a closely related one restricted to
San Miguel. Despite its much slower rate of
evolution, the nuclear gene also indicates that
the northern island lineage has been present
long enough to have evolved multiple unique
variants.
The Santa Catalina population of N. carinata represented 2 distinct colonizations from
separate mainland lineages (Fig. 3), although
both appear to have originated from the central region (specifically the San Gabriel Mountains), an area hosting a high diversity of
both nuclear and mitochondrial lineages (see
Polihronakis and Caterino 2010a). In the COI
haplotype network, these 2 lineages were not
connected at the 95% confidence level, although individuals exhibiting these haplotypes
were intermingled at sampling sites on Santa
Catalina. Three distinct nuclear haplotypes
were present on Santa Catalina: one shared
with northern and central mainland regions,
one shared among all mainland regions, and one
unique to the island.
H ADROTES CRASSUS .—Hadrotes crassus
exhibited 2 quite divergent clusters of mitochondrial haplotypes (Fig. 2), requiring 3
island colonizations (Fig. 3) total to explain
their distribution on the Channel Islands. The
largest cluster was dominated by a widespread
haplotype (haplotype 1) present in the northern mainland region and all islands sampled
(Santa Cruz and Santa Rosa, Santa Catalina,
San Nicolas and San Clemente). Several similar
haplotypes are found on Santa Cruz and Santa
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Fig. 2. Haplotype networks for all species, including networks for both COI and GFT for Nyctoporis carinata. Where
multiple subnetworks for a gene/species could not be connected at the 95% confidence level, the relationships among
them is indicated by an adjacent Bayesian phylogeny (rooted, although root not shown). In Bayesian trees, branch
lengths are to the same scale among species but not between trees and networks (where changes are specifically indicated by small filled circles). Asterisks are shown for Bayesian branches relevant to island lineages that are supported at
≥95% posterior probability. Colors indicate localities of origin for individuals, with white and grays indicating mainland
localities. Larger circles are proportional to numbers of individuals with each haplotype. Numbers within or next to circles correspond to haplotype numbers given in Table 1. Haplotype “Hb” in the Hypocaccus lucidulus network represents putative outgroup Hypocaccus bigemmeus.

Rosa islands, one of which is also present in
the central mainland region (Santa Barbara
County). A single haplotype from far north
(haplotype 8, Sonoma County) on the mainland
was found to be directly related to a highly
diverse assemblage (5 haplotypes for 7 individuals) of haplotypes from San Clemente
Island. A single Santa Rosa Island haplotype

was also closely related to this northern one.
Our sampling to the north was relatively sparse,
however, so it remains to be seen whether
this distant relationship might be bridged by
intervening samples.
A second smaller cluster in Ha. crassus
comprised 2 haplotypes: one (haplotype 2) was
very widespread, again covering northern and
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N. carinata

T. pictus

Ha. crassus
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Hy. lucidulus

San Miguel
Santa Cruz
Santa Rosa

Santa Catalina
San Nicolas

0

mi

50

0

km

80

San Clemente

Fig. 3. Summary diagram showing hypothesized connections among islands and mainland for Nyctoporis carinata,
Thinopinus pictus, Hadrotes crassus, and Hypocaccus lucidulus. Arrows represent reconstructed colonization events
where mainland origin was unambiguous, as revealed by parsimony mapping on phylogenetic relationships among
mtDNA haplotypes. Colored arrows are coded by species (see inset).

southern islands as well as central and northern mainland areas. These 2 divergent clusters were weakly linked by a single haplotype from Santa Cruz Island (haplotype 17),
which was not closely related to anything
else.
THINOPINUS PICTUS.—Most haplotypes of
Thinopinus pictus were fairly closely related
(Fig. 2), although the 2 haplotypes found on
Santa Catalina Island were very divergent
from anything else. The distribution of these
haplotypes required at least 3 island colonizations (Fig. 3), though the source of the Santa
Catalina population cannot be reconstructed.
The 3 northern islands sampled mostly formed
a tight cluster, with Santa Cruz and Santa Rosa
islands sharing haplotypes 5 and 7, the former
also found on San Miguel Island. Each northern island also hosted unique haplotypes. The
closest mainland haplotypes to these northern
islands were found in the central region,
specifically along the Santa Barbara County
coast. San Nicolas Island exhibited high

diversity, with the 10 individuals exhibiting
6 closely interrelated haplotypes. The closest
relatives to these are found exclusively in the
northern mainland region, specifically in San
Luis Obispo County.
HYPOCACCUS LUCIDULUS.—This species exhibited limited phylogeographic structure
(Fig. 2), with at least 6 colonization events
required to explain their distribution on the
Channel Islands (Fig. 3). Haplotype diversity
was very high (52 haplotypes for 126 individuals), and these were resolved into 3 wellsupported lineages (resolved as 3 disconnected networks by TCS). However, despite
well-supported relationships among haplotypes within these lineages, haplotype relationships showed little concordance with
geography. One large lineage, dominated by
haplotypes from north of Point Conception,
was resolved as sister to the remaining two.
This lineage included haplotypes from both
northern (Santa Rosa and San Miguel) and
southern (San Nicolas) islands, with the
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TABLE 2. Results of Contrib analyses, with corrected allelic richness (r[N]), relative contribution of each population to
total allelic richness (CT), and nucleotide diversity (p). Multiple values for nucleotide diversity represent values for all
populations lumped into northern and central mainland groups.
Species

Population

r(N)

CT

Hy. lucidulus

Mainland north
Mainland central
Mainland south
San Miguel Isl.
Santa Rosa Isl.
Santa Cruz Isl.
San Nicolas Isl.
San Clemente Isl.
Mainland north
Mainland central
Santa Rosa Isl.
Santa Cruz Isl.
San Nicolas Isl.
San Clemente Isl.
Santa Catalina Isl.
Mainland north
Mainland central
San Miguel Isl.
Santa Rosa Isl.
Santa Cruz Isl.
San Nicolas Isl.
Santa Catalina Isl.
Mainland north
Mainland central
Mainland south
San Miguel Isl.
Santa Rosa Isl.
Santa Cruz Isl.
Santa Catalina Isl.

5.5
5.1
N/A
3.0
4.7
3.9
5.6
2.9
1.2
3.0
1.8
1.5
0.4
2.6
0.4
3.4
0.8
0.8
2.0
1.0
4.2
0.8
3.8
3.9
3.5
2.0
2.4
4.0
2.1

0.004
0.0
N/A
–0.005
–0.005
0.001
0.002
0.004
–0.035
0.051
0.026
0.016
–0.057
0.055
–0.057
0.033
0.033
–0.048
–0.042
–0.042
0.033
0.033
0.003
0.003
0.004
–0.009
–0.009
0.004
0.004

Ha. crassus

T. pictus

N. carinata

central mainland sharing a haplotype with the
northern islands. A small haplotype group
was found predominantly on San Clemente
Island (haplotypes 45–47), with a distant relative found in the northern parts of the mainland. The largest haplotype lineage included
the majority of haplotypes from the central
part of the mainland (Santa Barbara, Ventura,
and Los Angeles counties), a smaller proportion from farther north on the mainland, the
single southern mainland haplotype (from San
Diego County), the majority of haplotypes
found on the northern islands, and an additional common haplotype from San Clemente
Island. Haplotype 10 in this cluster was found
on Santa Cruz and Santa Rosa, with the
closely related haplotype 42 on San Nicolas.
Haplotype 9 was shared by Santa Cruz and
San Nicolas islands, with the closely related
haplotype 36 on Santa Rosa. Haplotype 44
from San Clemente Island was closest to a
mainland haplotype found in the central region (the Los Angeles and Ventura county
coasts, haplotype 22). The central mainland

p (%)
8.19, 13.3
12.91, 11.6, 11.39
0
9.611
10.13
5.68
13.73
12.11
0, 0, 4.85
6.5
1.39
4.27
2.4
5.87
2.4
3.12
0.2
0.6
28.43
0.64
40.18
10.2
4.51, 17.13, 17.12, 31.98, 36.07, 25.11, 4.60
18.81, 16.38, 16.36
17.24
2
1.91
6.17
17.19

region is also directly related to single haplotypes from Santa Rosa (haplo type 37) and
San Miguel (haplotype 38) islands. Finally, 2
unique haplotypes from Santa Cruz Island
(haplotypes 49–50) were most closely related
to isolated haplotypes occurring north of Point
Conception on the mainland.
Diversity Patterns
Channel Islands populations of most species showed little indication of reduced
genetic diversity compared to mainland
populations that were sampled. Rather, diversity was high in nearly all species studied,
by all measures (Table 2). San Nicolas Island
especially emerged as hosting unusually high
genetic diversity, exhibiting higher allelic
richness (corrected by rarefaction for sampling unevenness) and nucleotide diversity than
any other population, island or mainland, for
both Hypocaccus lucidulus and Thinopinus
pictus. In Hadrotes crassus, though the northern mainland populations led in these diversity measures, the San Clemente Island
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TABLE 3. PhiST values for island–island population comparisons and island–mainland population comparisons. Asterisks
indicate significant isolation between areas. Samples were not available for comparisons marked N/A. Mainland areas
marked as “Montane” are noncoastal.

Island–island comparisons
Santa Rosa

San Miguel
San Nicolas
San Clemente
Santa Catalina
Mainland–island comparisons
Sonoma/Northern
Big Sur/Northern
S.L.O./Central

StaYnezMts/Central

Ventura/Central
LA/Central
BorderField/Southern
SWSierra/Montane
Breck&Piute/Montane
Tehachapis/Montane
NW.Trv.Rg/Montane
Cen.Trv.Rg/Montane
SierraPelona/Montane
SanGabriels/Montane
SanBernardinos/Montane
SanJacintos/Montane

Species

Santa
Cruz

Santa
Rosa

T. pictus
N. carinata
Ha. crassus
Hy. lucidulus
T. pictus
N. carinata
Hy. lucidulus
T. pictus
Ha. crassus
Hy. lucidulus
Ha. crassus
Hy. lucidulus
T. pictus
N. carinata
Ha. crassus

0.033
0.117*
0.081
0.097
0.170*
0.120*
0.544*
0.787*
0.130
0.397*
0.138*
0.494*
0.996*
0.707*
0.130

Ha. crassus
N. carinata
Ha. crassus
Hy. lucidulus
T. pictus
N. carinata
Ha. crassus
Hy. lucidulus
T. pictus
N. carinata
Ha. crassus
Hy. lucidulus
Hy. lucidulus
Hy. lucidulus
Hy. lucidulus
N. carinata
N. carinata
N. carinata
N. carinata
N. carinata
N. carinata
N. carinata
N. carinata
N. carinata

–0.094
0.898*
0.316*
0.657*
0.561*
0.614*
0.013
0.403*
0.735*
0.422*
–0.163
0.359*
0.370*
0.588*
0.663
0.724*
0.941*
0.779*
0.504*
0.883*
0.734*
0.712*
0.728*
0.732*

population ranked a close second. The San
Clemente Island population also ranked second in nucleotide diversity for Hy. lucidulus,
although both central and northern mainland
populations showed higher allelic richness.
In nucleotide diversity, Santa Rosa and Santa
Catalina island populations of T. pictus ranked
second and third, respectively, although the
northern mainland population exceeded Santa
Rosa in allelic richness. Of all these species,
only in N. carinata did island populations
show lower genetic diversity than most mainland populations.

San
Miguel

San
Nicolas

San
Santa
Clemente Catalina

0.166*
0.023
0.240*
0.725*
0.108*
0.154*
0.234*
0.318*
0.993*
0.764*
0.108*

0.784*
N/A
0.069
N/A
0.381*
0.996*
0.707*
N/A

0.135*
0.294*
0.992*
N/A
–0.111

N/A
0.135

0.265
0.938*
0.354*
0.503*
0.556*
0.717*
0.111
0.228*
0.666*
0.473*
0.114
0.119
0.187*
0.344*
0.431
0.759*
0.982*
0.808*
0.569*
0.939*
0.798*
0.754*
0.780*
0.780*

N/A
0.930*
N/A
0.309*
0.557*
0.635*
N/A
0.125*
0.712*
0.404*
N/A
0.152
0.324*
0.067
0.553
0.693*
0.983*
0.760*
0.523*
0.929*
0.738*
0.715*
0.733*
0.733*

–0.200
N/A
–0.024
0.269*
0.493*
N/A
–0.024
0.048
0.858*
N/A
0.145
0.153
0.240*
0.126
0.388
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

–0.725
N/A
0.265*
0.505*
N/A
N/A
0.054
0.290*
N/A
N/A
0.043
0.323*
0.350*
0.379*
0.479
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
–0.200
0.752*
–0.024
N/A
0.978*
0.607*
–0.024
0.998*
0.301*
0.145
N/A
N/A
N/A
N/A
0.699*
0.839*
0.719*
0.618*
0.630*
0.366*
0.311*
0.413*
0.557*

Population Structure Among Island/
Mainland Populations
The phylogeographic structuring among
islands and species was predominantly high.
Based on pairwise PhiST analyses (Table 3), we
found significantly restricted gene flow among
most islands in most species. The exceptions
mostly involved pairs of northern islands. In
N. carinata, though Santa Cruz and Santa
Rosa Islands were significantly separated,
Santa Rosa and San Miguel were not. In Ha.
crassus, most significant comparisons involved
Santa Rosa Island (especially in comparison
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TABLE 4. Results of AMOVA analyses, with groups as defined in text. Asterisks indicate significance. Results are
shown separately for the 2 markers examined for Nyctoporis carinata. Some tests were inapplicable to some species
depending on sampling.
Species

Groups

Ha. crassus
T. pictus
Hy. lucidulus
N. carinata

2
2
2
2

Ha. crassus
T. pictus
Hy. lucidulus
N. carinata

3
3
3
3

N. carinata

3

Ha. crassus
T. pictus
Hy. lucidulus
Hy. lucidulus
N. carinata

4
4
4
4
4

Ha. crassus
N. carinata

5
5

Ha. crassus
T. pictus
Hy. lucidulus
N. carinata

6
6
6
5

Structure
Island/Mainland
Island/Mainland
Island/Mainland
Island/Mainland (mt)
(gft)
N.Isl./S.Isl./Mainland
N.Isl./S.Isl./Mainland
N.Isl./S.Isl./Mainland
N.Isl./S.Isl./Mainland (mt)
(gft)
N.Isl. + N.Mainl./S.Isl + S.Mainl./
SierraNev. (mt)
(gft)
N.Isl./S.Isl./N.Mainl./S.Mainl.
N.Isl./S.Isl./N.Mainl./S.Mainl.
N.Isl./S.Isl./N.Mainl./S.Mainl.
N.Isl./Nic/Clem/Mainland
N.Isl./S.Isl./N.Mainl./S.Mainl. (mt)
(gft)
N.Isl./Cat/Nic/Clem/Mainland
N.Isl./S.Isl./N.Mainl./S.Mainl./
SierraNev. (mt)
(gft)
n+1
n+1
n+1
n + 1 (mt)
(gft)

with the southern islands), whereas Santa
Cruz Island was not significantly isolated
from several other islands, including most of
the southern islands. Finally, in Hy. lucidulus, Santa Cruz and Santa Rosa Islands were
not significantly separated, though all other
interisland comparisons showed significant
isolation.
Given the significant restriction in gene
flow among most individual islands, it was
interesting that some island-mainland population pairs were not significantly isolated
according to PhiST. Some ongoing connectivity is indicated among mainland and insular
populations in 2 of the 4 species. The lowest
level of island isolation was found in Ha.
crassus, with only extreme northern populations showing significant isolation from any
Channel Island population. In Hy. lucidulus,
PhiST indicated that central mainland (Santa
Barbara County) populations were not significantly separated from those on the northern
islands. Island populations of N. carinata, on
the other hand, were all significantly isolated

Among-group
variation (%)

Among-population
variation (%)

Within-population
variation (%)

–4.87
–23.9
6.43
8.87
1.39
0.53
10.25
7.14
11.56
–0.49
37.43*

11.83*
118.63*
26.36*
59.56*
53.94*
8.7
85.08*
25.44*
57.37*
55.34*
33.49*

93.05*
5.26*
67.22*
31.57*
44.68
90.77*
4.67*
67.42*
31.07*
45.15*
29.08*

39.69*
2.11
–33.62
8.71
8.76
12.11
0.81
1.54
36.92*

22.94*
7.41
128.63*
23.11*
24.15*
55.68*
54.97*
7.5
32.05*

37.37*
90.48*
4.99*
68.17*
67.09*
32.22*
44.22*
90.96*
31.03*

31.92*
0.25
83.77
8.05
–11.5
–28.27

26.02*
8.88
11.79*
24.44*
75.71*
74.21*

42.06
90.87*
4.45*
67.52*
35.8*
54.06*

from any mainland population, as were those
of T. pictus.
Very few of the 4 alternative groupings of
islands or island-mainland populations tested
indicated significant similarity according to
AMOVA (Table 4). There was no significant
among-group variation in any of the 2-group
comparisons (mainland vs. island), and these
values were <10% for all species. When the
southern islands were separated in the 3group comparisons, the among-group variation
increased in all cases, although it remained
small (<12%) relative to variation within and
among populations in all species except N.
carinata. The only significant among-group
variation seen in N. carinata was in the 3group scenario, which was likely driven by
deep divergence among mainland populations, as reported in Polihronakis and Caterino
(2010a). In general, among-group variation
increased with greater partitioning among
mainland populations, and few groupings of the
island populations captured patterns of variation well.
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DISCUSSION

Substantial work has been done on relationships of organisms on California’s Channel
Islands, much of it with the goal of determining the conservation status of particular
islands’ populations. In general, previous work
has found many island populations to be
highly divergent from each other and from
mainland populations. In the current study,
patterns of relationships are sufficiently varied
to preclude inference of general patterns.
None of the 4 widespread species examined
here resolve island populations to be collectively monophyletic. All species require multiple colonization events to explain the distribution of haplotypes, from at least 2 or 3 colonizations in Ha. crassus, T. pictus, and N. carinata
to at least 6 in Hy. lucidulus. In the latter case,
there appear to have been back-colonizations to
the mainland as well (or, less parsimoniously,
several more island colonizations than this).
The only predictable and consistent pattern
from previous work is the generally close relationship among populations on the northern
islands of Anacapa, Santa Cruz, Santa Rosa,
and San Miguel—expected on the basis of their
Pleistocene unity as Santarosae. These islands
share some endemic taxa (the tortricid moth
Argyrotaenia franciscana insulana: Landry et
al. 1999; the slender salamander Batrachoseps
pacificus: Jockusch and Wake 2002) and exhibit
close population relationships in more widespread species in a variety of taxa, including
dune spiders (Lutica: Ramirez and Beckwitt
1995), deer mice (Peromyscus maniculatus: Ashley and Wills 1987, 1989), side-blotched lizard
(Uta stansburiana: Mahoney et al. 2003), Loggerhead Shrike (Lanius ludovicianus: Eggert et al.
2004, Caballero and Ashley 2011), and marine
eelgrass (Zostera pacifica: Coyer et al. 2008).
The species examined here largely support
this pattern, most distinctly in N. carinata where
the 3 northern islands sampled (Santa Cruz,
Santa Rosa, San Miguel) form a strongly supported, divergent clade unrelated to populations on the one southern island sampled, Santa
Catalina. These 3 northern islands also form
a distinct cluster in T. pictus. In Ha. crassus
and Hy. lucidulus, however, such relationships,
though evident, are complicated by low levels
of divergence or high migration rates or both.
Furthermore, all northern islands have unique
mitochondrial haplotypes in all species sam-
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pled. So if shared haplotypes are indicative of
recent ancestry, there is also evidence that significant evolution has occurred since isolation.
On the other hand, it is also possible that the
super-island Santarosae exhibited within-island
phylogeographic structure prior to separation
into the modern islands. Similar isolation-bydistance patterns have been detected within
islands, notably within the plant Lithophragma
maximum, which is endemic to and highly variable within San Clemente Island (Furches et
al. 2009). Clearly the presence of many taxa on
the northern Channel Islands predates the
most recent separation of these islands, and
the sharing of haplotypes/alleles among them
cannot be definitively attributed to either modern or historical connections.
The southern islands (Santa Catalina, San
Clemente, and San Nicolas) show much lower
phylogenetic coherence in the species studied
here. Previous studies have suggested relationships between Santa Catalina and San Clemente
islands, in particular eelgrass (Coyer et al. 2008),
side-blotched lizards (Mahoney et al. 2003),
Loggerhead Shrikes (Eggert et al. 2004), and
one species of dune beetle (Chatzimanolis et
al. 2010). The species examined here show
little indication of southern island relationships.
San Nicolas Island shows a close relationship to one or more northern sources in a
substantial number of taxa. Several previous
studies have supported relationships to the
northern islands for a variety of taxa, including
tortricid Lepidoptera (Landry et al. 1999, Rubinoff and Powell 2004), deer mice (Ashley and
Wills 1987, 1989), eelgrass (Coyer et al. 2008),
dune spiders (Ramirez and Beckwitt 1995), and
dune beetles (Chatzimanolis et al. 2010). Some
Hy. lucidulus haplotypes show a similar San
Nicholas–northern island relationship. In
other cases, the San Nicolas Island populations appear most closely related to mainland
populations well to the north of the Channel
Islands. Even more disjunct relationships are
shown in T. pictus, where San Nicolas haplotypes are most closely related to some from
north of Point Conception. This pattern is also
evident in Hy. lucidulus, where a haplotype
is shared between San Nicolas Island and
northern mainland (San Luis Obispo) populations. The most interesting aspect of these
northern relationships for San Nicolas Island
is that in most cases they appear to be very
recent, involving very closely related or even
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identical haplotypes. This finding seems to
point to a direct colonization route in line with
the California Current, which follows the
coast southward to Point Conception, continuing directly southward past the western edge
of San Miguel Island, then southeastward
toward San Nicolas Island rather than continuing along the coastline. Where relationships to
the northern islands are observed, they may
owe something to a closer proximity of San
Nicolas to the northern islands during depressed sea levels (–120 m) in the Late Pleistocene (between 10–20,000 YPB; Vedder and
Howell 1980).
In general, relationships of the island populations to the mainland cannot be attributed
to any consistent source. Shared haplotypes
and close phylogenetic relationships between
the mainland north of Point Conception and
one or more of the islands predominate in
the species examined here. However, it is difficult to separate this result from sampling bias
in coastal species in more northerly mainland
areas—coastal habitats that have unfortunately
been severely degraded by human activities.
Still, our sampling from the Santa Barbara
and Ventura areas is relatively strong, and these
mainland areas closest to the northern islands
have not contributed to island populations as
strongly as areas farther north. This difference
is surprising not only because of modern proximity, but because of the very small Pleistocene gap (<6 km) between eastern Santarosae and the mainland directly to the east
(Powell 1985, 1994). Furthermore, continued
colonization avenues from these near-shore
sources have been documented, particularly
by direct rafting following seasonal coastal
floods (Wenner and Johnson 1980). Where
northern relationships have been noted, they
have been considered a relictual link to a wetter past (Raven 1967, Powell 1994). Our results,
especially where haplotypes are shared, show
a much more recent, probably continuing,
route for gene flow from northern populations (especially Hy. lucidulus and Ha. crassus).
Results of our own previous work involving Channel Islands beetles span much of
the range reported here, even though until now
these results have included only Santa Cruz
Island samples. Several species have shown
the high levels of island–mainland migration
seen here in Hy. lucidulus, revealing multiple
unrelated colonizations and source areas. These
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include Cercyon fimbriatus, an inhabitant of
coastal wrack (Chatzimanolis and Caterino
2008); Stictotarsus striatellus, an inhabitant
of freshwater streams and ponds (Short and
Caterino 2009); and Calathus ruficollis, a widespread inhabitant of drier terrestrial environments (Chatzimanolis and Caterino 2007a). In
the latter (a flightless species), we suspected
anthropogenic introductions to account for at
least some of the apparent island diversity.
Other species previously examined have shown
more-restricted patterns of genetic variation
on and among islands. Island populations of
the freshwater aquatic Anacaena signaticollis
(Santa Cruz) and the terrestrial fungus-feeding
Phloeodes plicatus (Santa Cruz, Santa Catalina)
represent shallowly independent lineages
(the latter separate on the 2 islands; Short and
Caterino 2009, Polihronakis and Caterino
2010b). Santa Cruz and Santa Rosa Islands
host a deeply divergent lineage of the litterinhabiting weevil Geodercodes latipennis (Polihronakis et al. 2010). Thus the varied results of
the present study are probably representative
of a wide variety of species histories on the
Channel Islands.
Many authors have sought explanations of
phylogeographic structure in life history attributes, generally habitat association (Ribera
and Vogler 2000, Marten et al. 2006, Abellán
et al. 2009) or behavior (especially, in insects,
the ability to fly; Smith and Farrell 2006). The
underlying commonality in such explanations
is dispersal propensity (Avise 1994). Our results
do show some similarities with other studies
of island and coastal taxa (especially Papadopoulou et al. 2009) in that the species most
closely associated with coastal environments—
Ha. crassus, T. pictus (both associated with
intertidal wrack), and Hy. lucidulus (associated
with coastal sand dune)—show lower levels of
phylogeographic structure than the lone representative of more interior habitats, N. carinata. This pattern is presumably due to the
highly dynamic nature of coastal habitats, which
are subject to frequent short- and long-term
disturbance (tidal and sea level fluctuations,
respectively). Though this study was not
designed to test the association of microhabitat
and phylogeographic structure, previous work
on the California mainland found generally
similar patterns in these habitats (Chatzimanolis and Caterino 2008 vs. Caterino and Chatzimanolis 2009). Our results with respect to
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flight capability also agree with these observations: the lone flying species represented here,
Hy. lucidulus, does indeed show the largest
number of island colonizations as well as the
lowest interisland and island-mainland structuring. However, species within each of these
categories often show extremely wide variance
when multiple similar species are examined
(results herein; Chatzimanolis and Caterino
2008, Caterino and Chatzimanolis 2009, Short
and Caterino 2009), and it is apparent that
any single ecological predictor provides only
a rough expectation of population structure.
Species-specific attributes and population size
certainly play important roles as well.
Finally, high diversity was apparent on some
islands, both in absolute terms given their
areas and relative to mainland populations
of similar extent (contra Frankham 1997). Our
genetic contributions analyses reveal that several islands host exceptionally high levels of
haplotype diversity, most notably San Clemente
and San Nicolas. The latter is particularly remarkable if we accept its complete submergence in fairly recent time (<500,000 years).
The levels of diversity found on San Nicolas
in T. pictus, Ha. crassus, and Hy. lucidulus (as
well as Coelus pacificus; Chatzimanolis et al.
2010) pose a challenge for this hypothesis. If
its biota truly is that recent, the island has
supported exceptional diversification over a
short span of geological time. Some previous
work on this subject has expressed concern
with the potential loss of variability due to
population depression during times of excessive grazing on the Channel Islands (Wallace
and Helenurm 2009), but neither those results
nor ours reveal unexpectedly low diversity in
the islands. Rather, the opposite may be the
case. (Furches et al. 2009, Wilson et al. 2009).
The finding of high levels of unique genetic
diversity on California’s Channel Islands suggests 2 important, nonexclusive explanations.
First, it is quite possible that contemporary
mainland populations are in fact more significantly depressed due to anthropogenic impacts. Mainland populations, especially in
coastal species, have been extirpated in many
areas due to a combination of beach grooming,
recreational use, and invasive dune plants
(Oppewall 1976, Powell 1981, Dugan et al.
2000, Connor et al. 2002). Indeed, it was impossible to find many of our focal species in historically suitable areas in Los Angeles and
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Orange counties. Obviously, there is no way
to know what sort of diversity these areas
once harbored. A previous study focused on
mainland populations of one of these species
did not reveal significant depression in highly
impacted areas (Chatzimanolis and Caterino
2008), but island samples were not available
to provide the contrast now observed. Second,
it is possible that barriers to gene flow among
islands helped prevent a significant amount
of homogenization that might have occurred
among better-connected mainland populations.
Also, avoiding selective sweeps that continuous populations might experience and having
genetic drift functioning on separate isolates
might help maintain higher overall diversity,
despite the seemingly inevitable tendency
toward lower diversity within each island. Additional studies with greater density of withinisland sampling will be necessary to begin to
address these questions.
Despite many lingering and newfound mysteries, it is clear that, as a whole, California’s
Channel Islands host important levels of intraspecific diversity. Among the species examined
here, there are several endemic lineages: most
showing strong among-island diversification
patterns and several exhibiting comparable or
even greater diversity than conspecific (and
similarly sampled) mainland populations. Given
the patterns observed, it is clear that much of
this diversity arose on the islands themselves.
However, some of the islands’ apparent diversity may also stand out as a result of declines
in mainland populations in the southern part
of the California Floristic Province. These and
other potential explanations clearly justify further exploration, ideally with a multilocus approach to allow more detailed examination of
biogeographic scenarios.
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APPENDIX. GenBank accession numbers for newly generated sequences, by haplotype.
Species
Hypocaccus lucidulus

Hadrotes crassus

Hadropinus fossor
Hypocaccus bigemmeus

[Volume 7

APPENDIX. Continued.

Haplotype

GenBank #

Species

h33
h34
h35
h36
h37
h38
h39
h40
h41
h42
h43
h44
h45
h46
h47
h48
h49
h50
h51
h52
hc1
hc2
hc3
hc4
hc5
hc6
hc7
hc8
hc9
hc10
hc11
hc12
hc13
hc14
hc15
hc16
hc17
hc18

GU226593
GU226594
GU226595
GU226596
GU226597
GU226598
GU226599
GU226600
GU226601
GU226602
GU226603
GU226604
GU226605
GU226606
GU226607
GU226608
GU226609
GU226610
GU226611
GU226612
GU226635
GU226636
GU226637
GU226638
GU226639
GU226640
GU226641
GU226642
GU226643
GU226644
GU226645
GU226646
GU226647
GU226648
GU226649
GU226650
GU226651
GU226652
GU380341
GU380342
GU380343

Thinopinus pictus

Nyctoporis carinata

N105

Nyctoporis carinata

Haplotype
tp1
tp2
tp3
tp4
tp5
tp6
tp7
tp8
tp9
tp10
tp11
tp12
tp13
tp14
tp15
tp16
tp17
tp18
tp19
tp20
tp21
tp22
COI
N101
N102
N104
GU230814
N106
N107
N108
N109
N110
N111
N112
N113
N114
N115
GFT
NcG63
NcG64
NcG65

GenBank #
GU226613
GU226614
GU226615
GU226616
GU226617
GU226618
GU226619
GU226620
GU226621
GU226622
GU226623
GU226624
GU226625
GU226626
GU226627
GU226628
GU226629
GU226630
GU226631
GU226632
GU226633
GU226634
GU230811
GU230812
GU230813
GU230815
GU230816
GU230817
GU230818
GU230819
GU230820
GU230821
GU230822
GU230823
GU230824
GU230825
GU230826
GU230827
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CONTRIBUTIONS TO AN ARTHROPOD INVENTORY
OF SANTA CRUZ ISLAND, CALIFORNIA
Ida Naughton1, Michael S. Caterino2,
Cause Hanna3, and David Holway4
ABSTRACT.—Arthropods have been understudied on Santa Cruz Island, resulting in an incomplete understanding of
these diverse and ecologically important members of island ecosystems. To enhance the current understanding of Santa
Cruz Island biodiversity, we sampled arthropods in 2 native plant habitats: island scrub oak (Quercus pacifica) woodland
and patches of island morning glory (Calystegia macrostegia ssp. macrostegia). We used 4 standardized sampling techniques to sample arthropods in 16 Q. pacifica woodland plots. We sampled arthropods associated with C. macrostegia by
pan trapping within 1 m of blooming morning glory individuals. In total, we sampled over 18,000 arthropod specimens,
sorted the specimens to morphotypes by order, and had taxonomic specialists identify 10 orders to the narrowest possible identification (n = 458 total species or morphotypes). The taxonomic distribution of our identified specimens is as
follows: 1 species of Scorpiones, 5 morphospecies of Pseudoscorpiones, 74 species of Araneae, 4 species of Orthoptera,
10 species of Psocodea, 10 species of Hemiptera, 1 species of Neuroptera, 60 species of Coleoptera, 8 species of Lepidoptera, and 42 species of Hymenoptera (Formicidae and Apoidea). Of these, 62 species represent newly recorded
arthropod species on Santa Cruz Island. The diversity of our collections within the Quercus pacifica and Calystegia
macrostegia habitats, the deficiency of current knowledge of Channel Island arthropods, and the fundamental role of
arthropods in island ecosystems emphasize the need for a more comprehensive arthropod inventory across the California Channel Islands.
RESUMEN.—Los artrópodos han sido poco estudiados en la Isla Santa Cruz, resultando en un entendimiento incompleto de estos diversos y ecológicamente importantes miembros de los ecosistemas de la isla. Para mejorar la comprensión actual de la biodiversidad de la Isla Santa Cruz, tomamos muestras de artrópodos en dos hábitats de plantas nativas:
bosques de robles de la isla (Quercus pacifica) y zonas de campanillas de la isla (Calystegia macrostegia ssp. macrostegia). Usamos cuatro técnicas estándar de recolección de muestras para estudiar artrópodos en 16 terrenos de bosques de
Q. pacifica. Tomamos muestras de artrópodos asociados con C. macrostegia poniendo trampas en un radio de 1 metro de
campanillas en flor. En total, tomamos muestras de aproximadamente 18,000 especímenes de artrópodos, clasificamos
los especímenes en morfotipos por orden y 10 órdenes fueron identificados por taxónomos especialistas de la forma más
específica (n = 458 total de especies o morfotipos). La distribución taxonómica de los especímenes identificados es la
siguiente: 1 especie de Scorpiones, 5 morfoespecies de Pseudoscorpiones, 74 especies de Araneae, 4 especies de
Orthoptera, 10 especies de Psocodea, 10 especies de Hemiptera, 1 especie de Neuroptera, 60 especies de Coleoptera,
8 especies de Lepidoptera y 42 especies de Hymenoptera (Formicidae y Apoidea). 62 especies de estas representan
especies de artrópodos recientemente registradas en la Isla Santa Cruz. La diversidad de nuestras colecciones dentro de
los hábitats de Quercus pacifica y de Calystegia macrostegia, la deficiencia de conocimientos actuales de los artrópodos
de las Islas del Canal y el papel fundamental de los artrópodos en los ecosistemas de la isla enfatizan la necesidad de un
inventario de artrópodos más completo en todas las Islas del Canal de California.

Santa Cruz Island has a total area of 249
km2 and is the largest and most topographically and ecologically diverse of the California
Channel Islands. The island was formed on an
active fault zone, yielding a central valley
defined by 2 steep ridges that rise to a maximum elevation of 753 m at Mount Diablo.
Anacapa Island lies 7 km to the east, Santa
Rosa Island 9 km to the west, and the coast of
mainland Santa Barbara County 30 km to the
north (Junak et al. 1995). During the ranching

period (1857–1939), the terrestrial ecosystems
of Santa Cruz Island suffered severe impacts,
as the presence of cattle, sheep, and pigs
resulted in overgrazing, declines in some native fauna, and the eventual proliferation of
nonnative species. After ranching ended in
1939, feral pigs and sheep remained, to the detriment of the island’s ecosystems, until the
last of the sheep were eradicated in 2001 and
the last of the pigs were eradicated in 2007
(Junak et al 1995). Today, 10 plant community

1University of California Berkeley, 7 Gauss Way, Berkeley, CA 94704. E-mail: naughton.ida@gmail.com
2School of Agricultural, Forest, and Environmental Sciences, Clemson University, Clemson, SC 29634.
3California State University Channel Islands, 1 University Dr., Camarillo, CA 93012.
4University of California San Diego, 9500 Gilman Dr., San Diego, CA 92093.
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types are recognized on Santa Cruz Island;
these ecosystems support the island’s 8 endemic
plant species, including Lotus argophyllus var.
niveus, Arcostaphylos insularis, and Malacothamnus fasciculatus var. nesioticus (Junak
et al 1995). The island has 6 known endemic
vertebrates, including the Island Scrub Jay
(Aphelocoma insularis), the Santa Cruz Island
fox (Urocyon littoralis santacruzae), and the
Santa Cruz Island deer mouse (Peromyscus
maniculatus santacruzae). Compared to the
vertebrates of Santa Cruz Island, which are
relatively well studied and the focus of longterm research programs, the island’s invertebrates remain incompletely studied.
The invertebrate phylum Arthropoda is
among the most species-rich phyla of organisms
on earth, with over one million described
species (Foottit and Adler 2009). As a whole,
arthropods provide key ecological services
(Losey and Vaughan 2006). Over 65% of the
world’s known angiosperm species require
insects for pollination (Axelrod 1960). Insects recycle nutrients by decomposing plant and animal matter (Daily et al. 1997, Losey and
Vaughan 2006), and many arthropod groups
serve as important prey for a wide variety of
vertebrates, especially birds, small mammals,
and lizards (Cowie and Hinsley 1988, Fellers
and Drost 1991).
Substantial documentation exists for Santa
Cruz Island, but due to the ecological variance
of the island and high arthropod diversity,
these efforts have fallen far short of describing
the island’s arthropods comprehensively.
Throughout the early 1900s, several independent entomologists, such as R.V. Chamberlin,
H.C. Davis, J.S. Garth, W. Hovanitz, C.H.
Kennedy, F.C. Winters, E.P. Van Duzee, and
T.A. Cockerell, collected and recorded arthropods on Santa Cruz Island (Miller 1985). A
concentrated effort to gain entomological
information on the island was made by the
Los Angeles Museum–Channel Islands Biological Survey between 1939 and 1941. In
1966, the University of California research
station was opened, initiating a new era of
invertebrate sampling for the island. Researchers visited from the California Academy
of Sciences, Natural History Museum of Los
Angeles County, Santa Barbara Museum of
Natural History, California Department of Food
and Agriculture, U.S. Department of Agriculture, Yale University, University of California
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at Berkeley, and University of California at
Davis (Miller 1985). In 1985, an Entomology
of the California Channel Islands symposium
(Menke and Miller 1985) presented many new
findings for Santa Cruz Island, especially with
respect to Orthoptera (Weissman 1976), Lepidoptera (Powell 1985), and Apoidea (Rust et al.
1985). While some invertebrate surveys have
continued on Santa Cruz Island in more
recent years, only a few of these have made it
into the published literature (e.g., ants: Wetterer et al. 2000; Lepidoptera: Powell 1994;
aquatic insects: Furlong and Wenner 2002).
Important collections of Coleoptera and Lepidoptera are held at the Santa Barbara Natural
History Museum and the Essig Museum of
Entomology, respectively; but many arthropod
groups from Santa Cruz Island are underrepresented in museum collections.
Assessment of the insect fauna of the Channel Islands has progressed little since the
Entomology of the Channel Islands Symposium, which established that approximately
100 arthropod species were known to be
endemic to the Channel Islands and that 40 of
these taxa were endemic only to Santa Cruz
Island (Miller 1985). To augment the documentation of Santa Cruz Island arthropod
diversity, we sampled arthropods within 2
unique habitats: island scrub oak (Quercus
pacifica) woodland and island morning glory
(Calystegia macrostegia) patches within riparian and grassland ecosystems. Both of these
plant habitats are restricted to the California
Channel Islands and thus might support distinctive arthropod assemblages. Obtaining a
comprehensive inventory of organisms that
function within an ecosystem is a preliminary
step to making informed management decisions (Dubois 2003). The results of our collection efforts are intended to further delineate
the arthropod fauna of Santa Cruz Island and
to inform the conservation goals of The Nature
Conservancy and the National Park Service.
METHODS
Arthropod sampling took place between 3
June and 13 June 2011 and between 2 September and 12 September 2011. We collected
arthropods within 16 circular plots (10-m
radius) in Quercus pacifica woodland (Fig. 1).
Each plot supported >5 mature Q. pacifica
individuals; other perennial plants present

2014]

ARTHROPODS OF SANTA CRUZ ISLAND

included Rhus integrifolia, Heteromeles arbutifolia, Quercus agrifolia, Toxicodendron diversilobum, and Cercocarpus betuloides. Further
collections were made within patches of the
endemic plant Calystegia macrostegia. Plots for
collection in C. macrostegia were defined by
the placement of patch growth within riparian
and coastal sage scrub habitat. Arthropods were
collected either on or within 1 m of a patch.
To sample arthropods at each Q. pacifica
plot, we employed 4 standardized sampling
techniques with comparable levels of effort
during each of the 2 sampling rounds. (1) We
beat 3 separate Q. pacifica branches onto a 1
× 1-m beating sheet and aspirated arthropods
off of the sheet. (2) We overturned 3 rocks settled into the soil at each site and scoured for
the presence of arthropods (Cole et al. 1992);
arthropods detected were aspirated. During
the June collection round, we impressed 3
bricks into the ground throughout each site in
order to standardize the “rocks” used in the
September sampling round. (3) We collected
leaf litter under mature Q. pacifica individuals
from 3 discrete areas at each plot. After mixing
leaf litter together, we subsampled 1 L of leaf
litter and placed it in a Winkler extractor for
24 h. (4) We set out 5 pitfall traps throughout
each plot. Pitfall traps consisted of 50-mL centrifuge tubes filled with soapy water. Traps
were buried so that the open rim of each tube
was level with the ground, and then the traps
were left out for 48 h. To sample arthropods
associated with C. macrostegia, we filled bowl
traps (one yellow, one white, and one blue)
with soapy water and placed a set within 1 m
of 10 patches of C. macrostegia for 6 h. All
collected specimens were preserved in 90%
ethanol immediately after collection.
We sorted specimens to order and then to
morphotype before sending them to taxonomic specialists to obtain genus and species
identifications. Identification priority was placed
on the orders Araneae, Scorpiones, Coleoptera
(Staphylinidae and Carabidae), honeydewproducing Hemiptera, Psocodea, Orthoptera,
Formicidae, and Apoidea. The acquisition of
genus-level or species-level identifications
is beneficial for biological monitoring and is
especially important in studies aimed at
examining subtle differences in faunal presence
among sites or over time and for recognizing
areas that support rare species and high biodiversity (Lenat and Resh 2001). Our collection
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data will be entered into an All Taxa Biodiversity Inventory (ATBI) conducted by The
Nature Conservancy and the National Park
Service.
We report new species records for the California Channel Islands based on comparisons
with available published and unpublished
sources. The primary sources for species lists
for the islands are Menke and Miller (1985)
and papers cited within that symposium proceedings. Additional and more recent sources
for Santa Cruz Island records include published surveys for Formicidae (Wetterer et al.
2000), Lepidoptera (Powell 1994), and aquatic
insects (Furlong and Wenner 2002). Although
we cannot account for undocumented collections, the species that we collected and determined to be new findings for Santa Cruz
Island are taxa not mentioned in the sources
in our bibliography.
RESULTS
Within our identified specimens, 60 species
(or morphospecies) of Coleoptera were identified within 19 families, 74 species (or morphospecies) of Araneae were identified within
23 families, 10 species of Psocodea within 6
families, and 3 species and 1 morphospecies of
Orthoptera within 4 families. The taxonomic
distribution of newly recorded species for
Santa Cruz Island is as follows: 4 species of
Coleoptera, 5 species of Apoidea, 1 species
of Formicidae, 34 species of Araneae, and 10
species of Psocodea. We also collected 5
endemic species during our Q. pacifica habitat
sampling: Rualena cruzana and Zelotes cruz
(Araneae), Scymnus falli and Eleodes inculta
(Coleoptera), and Pseudouroctonus minimus
thompsoni (Scorpiones). In addition to the
species listed in the appendix, we collected
and sorted to order 72 morphotypes of Hemiptera, 116 morphotypes of Hymenoptera, and
55 morphotypes of Diptera that have not yet
been reviewed by taxonomic specialists to
validate identifications. Our identified specimens and collection information are listed in
the appendix.
DISCUSSION
Previous entomological work (Menke and
Miller 1985) has collated knowledge about
several arthropod groups on Santa Cruz
Island, but a practical understanding of the
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Fig. 1. Santa Cruz Island sampling sites.  = Linepithema humile present,  = Linepithema humile absent. Shading
indicates area invaded by Linepithema humile.

island’s arthropod assemblages and their habitats remains incomplete. Our results contribute
to the existing knowledge of Santa Cruz Island
arthropods by recording new species and collection localities of arthropods associated with
native Q. pacifica and C. macrostegia habitats
and by illustrating the diversity of arthropods
living within specific habitat types. Our 215
species and morphospecies records increase the
island’s biodiversity documentation, especially
for groups such as Psocodea, for which no previous records have been found (Miller 1985).
In addition to the deposition of our collections at the Santa Barbara Museum of Natural
History and San Diego Natural History Museum, identification and locality collection
data for each of our specimens will be added
to an All Taxa Biodiversity Inventory (ATBI)
compiled by the National Park Service and
The Nature Conservancy. We hope that the
accessibility and flexibility of the ATBI database will efficiently facilitate the use of our
archived collection data in future conservation
and research efforts (Ponder et al. 2001).
Our effort to inventory Santa Cruz Island
arthropods has been partly motivated by the

potential threat of invasive species, such as
the Argentine ant (Linepithema humile), to the
island’s habitats (Wetterer et al. 2000). Argentine ant invasions have been known to negatively impact Araneae, Psocodea, and Coleoptera populations on Hawaii (Krushelnycky and
Gillespie 2008, 2010); and research on the
effects of the Argentine ant on Santa Cruz
Island is currently in progress. Half of our
sampling plots were located in areas of Argentine ant infestation. These infested areas pose
a potential threat to the diversity we encountered and create an urgency to better understand the island’s arthropod assemblages.
Even with our best sampling efforts, it is probable that due to the high vagility and rarity
of certain arthropods and the small seasonal
range of our sampling, we have not detected
every arthropod associated with the habitats
sampled. The integral role of arthropods in
community structure, the taxonomic diversity
of arthropods associated with individual plant
communities, and the threats to extant biodiversity emphasize the need of further arthropod
sampling on Santa Cruz Island and across the
California Channel Islands. A comprehensive
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inventory is the basis for accurate monitoring
and understanding of these unique and remarkable ecosystems.
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APPENDIX. Arthropod inventory of Santa Cruz Island: number of individuals by month and by collection habitat and
method. Key: BT = Quercus pacifica branch beating, UR = under rock survey, LL = Q. pacifica leaf litter sample, PF
= pitfall trap, PN = Calystegia macrostegia pan trap, * = previously unrecorded, + = endemic.

Order/family
ARANEAE
Agelenidae
Anyphaenidae
Araneidae

Clubionidae
Corrinidae

Cyrtaucheniidae
Dictynidae

Filistatidae
Gnaphosidae

Leptonetidae
Linyphiidae

Lycosidae
Miturgidae
Oecobiidae
Oxyopidae
Philodromidae
Plectreuridae
Salticidae

Species
Hololena sp.*
Rualena cruzana +*
Rualena spp.*
Anyphaena sp.*
Lupettiana mordax
Araneus sp.*
Araneus montereyensis*
Araniella displicata*
Eustela sp.*
Metepeira sp.*
Metepeira grinnelli*
unidentified Araneidae*
unidentified Clubionidae*
Clubiona sp.*
Castianeira occidens*
Meriola arcifera*
Meriola californica*
Scotinella sp.*
unidentified Corinnidae*
Aptostichus sp.*
Blabomma sp.*
Mallos sp.*
Yorima angelica*
unidentified Dictynidae*
Filistatinella sp.
Drassyllus insularis*
Zelotes cruz +*
Zelotes sp.
unidentified Gnaphosidae
Archoleptoneta
schusteri*
Frontinella communis*
Frontinella pyramitela*
Linyphantes sp.*
Neriene sp.*
Wubana drassoides*
unidentified Linyphiidae *
Alopecosa kochi *
unidentified Lycosidae
Cheiracanthium inclusum*
Cheiracanthium sp.*
unidentified Miturgidae
Oecobius navus*
Oxyopes salticus*
Oxyopus sp.*
Philodromus spectabilis*
Philodromus sp.*
Plectreurys castanea*
Habronattus californicus*
Habronattus oregonus
Metacyrba taeniola*
Peckhamia scorpionia*
Pelegrina aeneola*
Pelegrina sp.*
Phanias harfordi*
Sassacus vitis*
unidentified Salticidae

Month
___________
Jun
Sep
1
4
1
33
1
10
1
2
9
1
11
1
1
5
1
2
1
5
10
2
4
1
1
16

Collection habitat and method
__________________________________________
Q. pacifica
C. macrostegia
woodland
visitors
_______________________
_____________
BT

1
65

93
1
42
1
1
1
3
1
11

35
1
1
2
1
1
3
1
2

11

1
24

1
3

26

1
1
1
35
28
2
3
13

1

1
1

1

1

PN

1

3
1
1

1
1
1

1
1

22

2
1
67

1
1
3
3
25
1
4

1
1
19
3
1
1
4

10
1

6

3
6

PF

1
1

4

1
1
12
42
2
4

11
5
4

5
2
5

15
1

7
1

9

3

1
1
1

3
1
2

LL

1
2

1
11

57
4
4

UR

2
2

1

2
1
16
4
1

3
2
2
2

105
2

1

2
2
1
1

1
1
24

2
2
1

2

3
4
1

1
1
49
3
5
13

2
78
29
2
8
16

6
2
1

4

1

4
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APPENDIX. Continued.

Order/family

Species

Segestriidae

Ariadna fidicina*
Segestria cruzana
Tetragnatha versicolor*
Tetragnatha sp.*
Euryopis spinigera*
Theridion murarium*
Theridion punctipes*
Theridion sp.*
Wamba crispulus*
Theridiidae sp.*
Coriarachne utahensis*
Mecaphesa importuna*
Mecaphesa sp.*
Tmarus angulatus*
Xysticus sp.
unidentified Thomsidae
Hyptiotes gertschi*
unidentified Uloboridae

Tetragnathidae
Theridiidae

Thomsidae

Uloboridae
COLEOPTERA
Anobiidae
Brentidae
Byturidae
Cantharidae
Carabidae
Cerambycidae
Chrysomelidae
Cleridae
Coccinellidae

Curculionidae

Erotylidae
Latridiidae

Melyridae

Ptinus sp.
Tricorynus sp.
Apioninae sp.
Gen. sp.
Xerasia grisescens
Cultellunguis hatchi
Frostia sp.
Calathus ruficollis
Notiophilus sp.
Pterostichus sp.
Ipochus faciatus
Diachus auratus
Epitrix sp.
Phyllobaenus sp.
Cycloneda polita
Delphastus catalinae
Hyperaspis lateralis
Hyperaspis nr. annexa
Hyperaspis taeniata
Hyperaspis sp.
Psyllobora vigintimaculata
Rhyzobius forestieri*
Scymnus falli +
Scymnus pallens
Scymnus sp.
Curculio uniformis
Curculio sp.
Dendrocranulus californicus
Geodercodes latipennis
Nemocestes sp.
Dacne californica
Corticarina sp.
Fuchsina sp.
Melanophthalmus sp.
Metophthalmus haigi
Metophthalmus rudis
Metophthalmus trux
Metophthalmus sp.
Subfamily Dasytinae sp. 1
Subfamily Dasytinae sp. 2
unidentified Melyridae

Month
___________
Jun
Sep
1
3
1
25
2
1
2
3
8
2
1
7
3
6
1

1
46
8
1
38
34
50
41
10
11
5
28
4

Collection habitat and method
__________________________________________
Q. pacifica
C. macrostegia
woodland
visitors
_______________________
_____________
BT
1
3
35
32
36
36
27
45
12
9
1
10
28
6
1
3

UR
1
4
1
1
3

LL

2

16
4

7

2
2
3
1
1

1

1
3
1
1
1

2
2
2

2
9

1
1

10
1
4
1
2
1
4
7
4
5
4
2
68
1
1
3
3

1
1
3

5
1
6
2
1
4
1
9
1
2
1
3
4
1
3
2
1
10
61
4

2
6
5
5
9
2
1
1
1
10
1
1
2
7
10
1
4

10

2
2

12

1

1
3
1
2
2
1

1

7
6
1
1
129

1

5

5
1
7
16

2
1

1
2
2
1

1
3
2
3
6
5
3

PN

8

1

11

PF

1
1

1
3
3
4
1
7
15
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APPENDIX. Continued.

Order/family

Species

Mordellidae

Mordellistena sp.
Mordella hubbsi
Lacconotus pinicola
Cryptarcha gila*
Phalacrus sp.
Brachycepsis sp.
Bryoporus rufescens*
Falagriota occidua
Heterothops conformis
Linohesperus borealis*
Medon sp. 1
Medon sp. 2
Pseudopsis sp.
Quedius sp.
Aleocharinae sp.
Aleocharinae sp. 1
Coniontis sp.
Eleodes inculta +
Hymenorus sp.

Mycteridae
Nitidulidae
Phalacridae
Staphylinidae

Tenebrionidae

HEMIPTERA
Aphididae

LEPIDOPTERA
Blastobasidae
Depressariidae
Gelechiidae
Hesperiidae
Tortricidae

NEUROPTERA
Hemerobiidae
ORTHOPTERA
Acrididae
Anostostomatidae
Stenopelmatidae
Tettigonidae
PSEUDOSCORPIONES
Cheliferidae
Chemitidae
Chthoniidae
Olpiidae
SCORPIONES
Vaejovidae

Aphis sp.
Capitophorus elaeagni
Cavariella aegopodii
Dysaphis sp.
Myzocallis agrifolicola
Rhopalosiphoninus sp.
Sipha sp.
Tuberculatus pallidus
Tuberculatus pallidus
nymphus
Uroleucon sp.
Holcocerina sp.
unidentified
Depressariidae
Telphusa sedulitella
unidentified
Gelechiidae
Pyrgus communis
Ochlodes sylvanoides
Epinotia emarginana
Henricus
umbrabasanus

Month
___________
Jun
Sep
1
22
1
1
3
8
3
2
3
3
2
1
1
10
2
2
19
1
2
3
1
3

1

Collection habitat and method
__________________________________________
Q. pacifica
C. macrostegia
woodland
visitors
_______________________
_____________
BT

UR

LL

PF

22
1
1
1
1
2
3

4
1
9
5
2
3
3
2
1

2
1
18
2
2
1

24

1
2

1

1

1

1

1
5
4

1
1
2

27
4

1

38
1

4

2
3
3
3

1
6
1

1
3

1

1
2
1

1
2

2
1

4
1
2
1

1
1
1

1
1
1

1

Hemerobius pacificus

1

unidentified Acrididae
Cnemotettix sp.
Stenopelmatus sp.
Scudderia sp.

3
4
2
1

unidentified Cheliferidae
unidentified Chemitidae
unidentified Chthoniidae
Oreolpium sp.
unidentified Olpiidae

6
1
2
1

Pseudouroctonus minimus
thompsoni +

15

PN

2

1

1
1

1
5

2
1
3

2

4
2

8

1

1
3
1
18

20

1

1

6

14

2

5
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APPENDIX. Continued.

Order/family
PSOCODEA
Stenopsocidae
Ectopsocidae
Psocidae
Elipsocidae
Dasydemellidae
Myopsocidae
HYMENOPTERA
Apidae

Colletidae
Encyrtidae

Formicidae

Halictidae

Megachilidae

Species
Graphopsocus cruciatus*
Ectopsocus californicus*
Ectopsocus vachoni*
Loensia maculose*
Amphigerontia bifasciata*
Elipsocus sp.*
Elipsocus hyalinus*
Teliapsocus conterminas*
Teliopsocus sp.*
Myopsocus sp.*
Bombus vosnesenskii*
Ceratina acantha
Ceratina arizonensis*
Diadasia rinconis
Melissodes nr. lustra
Colletes sp. 1
Colletes sp. 2
Aphycaspis sp.
Copidosoma capsicum
Ooencyrtus sp.
unidentified Encyrtidae
Camponotus semitestaceus
Camponotus hyatti
Camponotus maritimus
Crematogaster marioni
Formica moki
Linepithema humile
Monomorium ergatogyna
Pheidole hyatti
Prenolepis imparis
Solenopsis molesta
Stenamma diecki
Stenamma snellingi
Tapinoma sessile
Temnothorax andrei
Temnothorax nitens*
Halictus farinosus*
Halictus ligatus*
Halictus tripartitus*
Lasioglossum
(little Evylaeus)
Lasioglossum sp.
Lasioglossum sp. 2
Lasioglossum sp. 3
Lasioglossum sp. 4
Lasioglossum sp. 5
Lasioglossum sp. 6
Lasioglossum sp. 7
Lasioglossum CF imbrex
Lasioglossum incompletum*
Lasioglossum nr. imbrex*
Megachile sp. 1
Megachile sp. 2

Month
___________
Jun
Sep

Collection habitat and method
__________________________________________
Q. pacifica
C. macrostegia
woodland
visitors
_______________________
_____________
BT

5
5

5
5

4
4
1
5

4
4
1
6
3
1
1

1
3
1
1

UR

LL

PF

7
12
1
1
2
2
1

1
1
1

1
1
60
49
151
725
47
91
4
196
1
2
186
2
1
1
22
9
1
1

34
3
1

1
306
1
71
14
138
795
40
117

PN

7
12
1
1
2
2
1
1
1
1
306
1
30
8
49
157
27
23

120

1
14
51
37
173
8
31
3
83

1
201

2

13

1

2
10
173
6
11
1
192
1
2
284
2

87
2
193
1017
46
143
40
1
88

3
1
50
10

4
1
51
32

18

27
1
2
14
1
1
1
37
121
3
3
3

1
14
1
1
1
3
118
2
3
3
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NOCTURNAL SPOTLIGHT SURVEYS FOR MONITORING
SCRIPPS’S MURRELETS IN AT-SEA CONGREGATIONS
AT ANACAPA ISLAND, CALIFORNIA
Darrell L. Whitworth1 and Harry R. Carter2,3
ABSTRACT.—Concealed nest sites, mostly inaccessible breeding habitats, and nocturnal colony visitation have long
hindered studies of Scripps’s Murrelets (Synthliboramphus scrippsi); but conspicuous and seasonally predictable at-sea
congregations adjacent to nesting areas provide a valuable index for assessing murrelet colony size and population
trends at all 12 breeding islands. We developed a boat-based nocturnal spotlight survey for counting murrelets in at-sea
congregations at Anacapa Island, California. A high-intensity spotlight was used to count murrelets during standard surveys conducted on 2 parallel transects (1.9 km each) located 200 m (“inshore”) and 500 m (“offshore”) from shore. We
conducted 130 standard surveys over 58 nights in 2001–2006. Difficulties estimating densities with strip transects and
distance sampling led to use of raw counts as the best index for assessing population trends. Standard counts averaged
136 (SD 94) murrelets per survey (range 0–470). Strong correlations were noted among counts within nights, but consistent trends were not evident. We also noted a strong correlation between maximum counts on consecutive survey nights
but much more variation in counts over the breeding season (annual CV range 27%–92%). Annual maximum counts
occurred from 42 days before to 32 days after mean egg-laying dates. Round-island counts ranged from 29 to 564 murrelets during 12 surveys conducted along a 19.2-km transect circumnavigating Anacapa Island. Strong correlations
between inshore and offshore standard counts and between standard and round-island counts indicated that major local
shifts in distribution did not occur; instead, varying proportions of the murrelet population returned to the Anacapa
Island congregation each night. Increases in standard counts from 2001 to 2006 and a positive correlation between standard counts and the annual number of clutches in monitored plots suggested an increase in the murrelet population
after eradication of black rats (Rattus rattus) in 2002, but limited posteradication survey data were not sufficient to
detect significant population trends. Intensive surveys (minimum of 10 nights each year) over at least 3 consecutive
years per decade are recommended to track the progress of the Scripps’s Murrelet population and to validate rates of
population growth observed in small nest plots on Anacapa Island.
RESUMEN.—Durante mucho tiempo, los sitios de anidación ocultos, hábitats donde la reproducción es difícil y las
visitas nocturnas a las colonias han obstaculizado los estudios sobre las aves de la especie Synthliboramphus scrippsi,
pero las congregaciones conspicuas y estacionalmente predecibles en el mar, adyacentes a las áreas de anidación, constituyen un valioso parámetro para analizar el tamaño de la colonia y las tendencias de la población en 12 islas de reproducción. Realizamos conteos nocturnos desde embarcaciones de los individuos en congregaciones que se sitúan en el
mar, en la Isla Anacapa, California. Utilizamos una luz de alta intensidad para hacer el muestreo durante los conteos
“estándar” que realizamos en dos áreas transversales paralelas (1.9 km cada una) ubicadas a 200 m (“cerca de la costa”) y
500 m (“en el agua”) de la costa. Llevamos a cabo 130 conteos estándar durante 58 noches entre el año 2001 y el año
2006. Debido a que era difícil realizar estimaciones de las muestras a distancia y de la densidad del Método de transecto
de banda, utilizamos el conteo en crudo como el mejor parámetro para analizar las tendencias de la población. Los conteos estándar promediaron 136 +
– 94 aves por muestreo (rango = 0–470). Observamos una fuerte relación entre los
conteos durante las noches, pero no detectamos tendencias significativas. Observamos una relación entre los conteos
máximos durante las noches consecutivas que duró la investigación, sin embargo se registró una variación muy alta en
los conteos correspondientes a la temporada de reproducción (Coeficiente de variación anual = 27%–92%). Los conteos
máximos anuales se registraron desde 42 días antes hasta 32 días después de las fechas promedio en que las aves ponían
los huevos. Los conteos en “toda la isla de reproducción” oscilaron entre 29 y 564 individuos durante 12 muestreos que
se realizaron a lo largo de 19.2 km que circunnavega la Isla Anacapa. Las fuertes relaciones entre los conteos estándar
cerca de la costa y en el agua, y entre los conteos estándar y en toda la isla de reproducción indicaron que no ocurrieron
desplazamientos locales significativos en la distribución, sino que diferentes proporciones de la población aparentemente regresaban a la congregación de la Isla Anacapa cada noche. Los aumentos de los conteos estándar, entre los años
2001 y 2006, y la relación positiva entre los conteos estándar y la cantidad anual de puestas de huevos en terrenos monitoreados sugieren que se produjo un aumento en la población luego de la erradicación de ratas negras (Rattus rattus) en
el año 2002; sin embargo, 6 años no fueron suficientes para detectar tendencias significativas en la población. Recomendamos realizar estudios intensivos (durante 10 noches cada año, como mínimo) durante por lo menos 3 años consecutivos por cada década para hacer el seguimiento del avance de la población de Synthliboramphus scrippsi y confirmar los
índices de crecimiento poblacional que se observaron en pequeños terrenos con nidos en la Isla Anacapa.
1California Institute of Environmental Studies, 3408 Whaler Avenue, Davis, CA 95616. E-mail: darrellwhitworth@ciesresearch.org
2Humboldt State University, Department of Wildlife, 1 Harpst Street, Arcata, CA 95221.
3Present address: Carter Biological Consulting, 1015 Hampshire Road, Victoria, British Columbia, Canada, V8S 4S8.
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The secretive breeding behaviors and mostly
inaccessible nesting habitats of Scripps’s Murrelet (Synthliboramphus scrippsi) have long
hindered knowledge of the species’ ecology,
status, and distribution. Scripps’s Murrelets
are small (167 g; Murray et al. 1983) marine
birds (family Alcidae) that nest in concealed
sites (e.g., rocky crevices or dense shrubs) on
remote southern California and northwestern
Baja California islands. Nocturnal visitation to
nest sites and the short period of colony attendance (chicks leave nests just 2–3 nights after
hatch and are raised at sea; Murray et al. 1983)
further hamper nesting studies. Difficulties
locating and assessing the size of murrelet
breeding colonies have been exacerbated by
the impacts of native and introduced mammalian predators, most notably island fox
(Urocyon littoralis), feral cats (Felis catus), and
rats (Rattus spp.), which restrict nesting at
most islands to inaccessible coastal cliffs, sea
caves, small islets, and offshore rocks (McChesney and Tershy 1998, Aguirre-Muñoz et al.
2008). By the mid-20th century, only remnant
murrelet populations persisted in isolated and
undocumented colonies on most islands (Jehl
and Bond 1975, Carter et al. 1992, Drost and
Lewis 1995, Burkett et al. 2003, Keitt 2005,
Whitworth et al. 2013, 2014; H. Carter and D.
Whitworth unpublished data). Concern for
survival of Scripps’s Murrelet (until recently
classified as a subspecies of the former Xantus’s Murrelet; Birt et al. 2012, Chesser et al.
2012) resulted in its listing as an endangered
species in Mexico and as a threatened species
in California; U.S. federal listing is still pending.
Considering this murrelet’s small global
population (7000–8000 breeding pairs; Karnovsky et al. 2005), limited breeding range
(12 islands; Birt et al. 2012), and threatened
status, as well as many ongoing conservation
issues on islands and at sea (Carter et al. 2000),
development of more effective population
monitoring techniques for Scripps’s Murrelet
is a priority for long-term management and
restoration. Through much of the 20th century,
knowledge of the distribution, status, and trends
of murrelet populations relied primarily on
nesting studies at a few small islands; but information was lacking or speculative at other
islands where murrelets nested mainly in inaccessible habitats. Scant information for most
islands led to the misconception that 90% of
Scripps’s Murrelets in the Southern California
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Bight nested at Santa Barbara Island and the
Coronado Islands (Hunt et al. 1979, Carter et
al. 1992, Drost and Lewis 1995), while populations on other islands were negligible or had
been extirpated by introduced predators (Jehl
and Bond 1975, Hunt et al. 1980). Clearly, an
alternative to conventional nest monitoring
was needed to better assess the overall status
and distribution of Scripps’s Murrelets.
One conspicuous feature of Scripps’s Murrelet breeding and social behavior that facilitates colony detection and population monitoring is the at-sea congregations that form at
night in nearshore waters adjacent to nesting
areas (Gaston 1992, Whitworth et al. 1997,
Gaston and Jones 1998, Hamilton et al. 2011,
Whitworth and Carter 2012). Scripps’s Murrelets are highly conspicuous and vocal in at-sea
congregations, which form only during the
prebreeding, egg-laying, incubation, and hatching periods (Murray et al. 1983, Whitworth et
al. 1997). Murrelets do not appear to feed in
at-sea congregations, and they only congregate off island coastlines with suitable nesting
habitat (Hamilton et al. 2004, Whitworth and
Carter 2012). At-sea congregation behavior was
first described in 1917 (Howell 1917), but survey techniques using congregation activity to
detect and roughly estimate the size of breeding colonies were not developed until 1994. In
1994–1999, at-sea vocal detection surveys at
all islands in southern California and many
islands in northwestern Baja California found
Scripps’s Murrelets more widespread and
numerous than previously believed (Burkett et
al. 2003, Keitt 2005, Whitworth et al. 2014; H.
Carter unpublished data). However, difficulties
interpreting the relationship between levels of
vocal activity and the number of murrelets in
at-sea congregations (or the number breeding
on the adjacent shoreline) limited use of vocalization surveys for effective monitoring.
From 2001 to 2006, we developed a boatbased spotlight survey to count Scripps’s Murrelets attending nocturnal at-sea congregations
at Anacapa Island, California. Spotlight surveys
were developed as part of a larger restoration
and monitoring effort (2000–2010) to assess
the response of the remnant murrelet population after the eradication of black rats (Rattus
rattus) in 2002 (ATTC 2001, Howald et al.
2009, Whitworth et al. 2013). Nest monitoring
in accessible plots in 2001–2010 demonstrated
an overall positive response to the eradication
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Fig. 1. The standard and round-island survey transects used during Scripps’s Murrelet spotlight surveys at Anacapa
Island (34°01 N, 119°22 W), California, in 2001–2006.

of rats (Whitworth et al. 2005, 2013), but most
of the recovering murrelet population apparently nested on inaccessible coastal cliffs that
prevented a reasonable estimate of total population size with nest counts alone. The conspicuous and predictable nature of at-sea congregations facilitated use of spotlight survey counts
as the best available index of overall population
size and trends. Spotlight surveys have been
frequently used with nocturnal terrestrial
species (McCullough 1982, Smith and Nydegger 1985); but there are no published accounts
of boat-based spotlight surveys being employed
to assess seabird numbers or densities at sea,
and no standardized data collection or analysis
protocols have been established. In this paper,
we (1) present the spotlight survey protocol
developed and implemented at Anacapa Island; (2) examine spatial and temporal patterns
in at-sea congregation attendance; (3) discuss
the relationship between at-sea congregations
and breeding on the adjacent island; and (4)

describe the difficulties of strip-transect (Tasker
et al. 1984, Gould and Forsell 1989) and distance sampling (Buckland et al. 2001) density
estimates that led to use of raw counts as the
best available index of population size.
METHODS
Study Area
Spotlight surveys were conducted at Anacapa Island (34°01 N, 119°22 W), California:
one of 5 islands in the Channel Islands National Park. Anacapa Island lies about 20 km
off the southern California coast and is the
easternmost and smallest of the 4 northern
Channel Islands. Anacapa Island comprises 3
islets (West, Middle, and East; Fig. 1) separated
by narrow channels that are sometimes exposed at low tide. The island chain is approximately 8 km long and is surrounded by rocky
cliffs and steep slopes punctuated with over
100 sea caves.
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TABLE 1. Scripps’s Murrelet nocturnal spotlight surveys at Anacapa Island in 2001–2006. Data include the range of
survey dates in each year, the number of survey nights, the number of standard surveys in each nightly period (E =
evening; N = night; M = morning), and the nightly maximum standard survey count (mean, standard deviation [SD],
coefficient of variation [CV], and range).
Nights
(surveys)

Year
2001 (16 Apr–20 Jun)
2002 (27 Mar–22 May)
2003 (8 Apr–28 May)
2004 (13 Apr–1 Jun)
2005 (30 Mar–7 Jun)
2006 (6 Apr–5 May)

12 (29)
14 (33)
13 (28)
6 (12)
10 (22)
3 (6)

Survey period
_____________________
E
N
M
10
11
13
4
10
3

12
11
11
6
10
3

Spotlight Survey Protocol
Spotlight surveys were conducted during the
Scripps’s Murrelet breeding season (March–
June) in 2001–2006 (Table 1). We conducted 2
types of spotlight surveys: (1) standard surveys,
which consisted of 2 parallel transects (1.9 km
each) located roughly 200 m (“inshore”) and
500 m (“offshore”) from shore in areas protected from prevailing winds and swells on the
south side of East Anacapa Island; and (2)
round-island surveys (19.2 km), which circumnavigated all 3 islets at distances between
200 m and 400 m from shore (Fig. 1). The inshore transect was located to safely sample the
inner portion of congregation waters while
avoiding shallow rocks and kelp near shore.
The offshore transect was located to sample
the outer portion of the main congregation
without overlapping inshore transect coverage.
We conducted standard surveys in 3 nightly
periods (all times PST); “evening” (21:00–00:00),
“night” (00:00–03:00), and “morning” (03:00–
sunrise). Round-island surveys were conducted
only during the evening or night periods.
Spotlight surveys were conducted in a 4-m
Zodiac® inflatable craft powered by an outboard engine. The boat driver navigated the
survey vessel at slow speeds (~8 km ⋅ h–1) along
predetermined transects with the aid of a
global positioning system (GPS) receiver. The
observer seated at the bow (height about 1.5 m
above the waterline) used a high-intensity
spotlight powered by a 12-V deep-cycle marine battery to count all murrelets within
visual range on each side of the boat. To scan
both sides of the vessel while minimizing the
number of birds missed or double-counted,
the observer slowly passed the spotlight beam
across a 90° arc starting at the port beam and
proceeding toward the bow, then repeated the

7
11
4
2
2
—

Nightly maximum count
____________________________________
Mean
SD
CV
Range
121
140
196
123
251
170

83
55
52
98
146
156

69
39
27
80
58
92

1–269
49–270
107–262
18–285
55–470
62–348

movement starting from the starboard beam
(Fig. 2). All data were called out to the data recorder who entered observations into a waterproof field notebook and took a GPS waypoint
for each observation (2001–2003) or at the end
of each 90° scan (2004–2006). Conditions (i.e.,
wind, Beaufort sea state, cloud cover, and moon
phase) were recorded at the beginning of the
survey and updated when conditions changed.
Spotlight surveys were performed within a
reasonable range of ocean conditions (wind
<20 km ⋅ h–1, swells <0.5 m, sea state ≤2) to
ensure comparability among counts.
We collected distance sampling (or linetransect) data (Buckland et al. 2001) during
spotlight surveys in 2001–2003 to investigate
the applicability of distance sampling analysis.
Distance sampling data for each observation
(i.e., murrelet or group) were recorded as follows: (1) radial distance (m) from the observer;
(2) angle (°) off the bow; and (3) number of
murrelets. To assist with angle estimation, we
marked the pontoons of the inflatable craft at
15° intervals with the bow at 0°. We included
all murrelets observed during surveys in raw
counts, but distance sampling data could not
be collected for flying birds or when densities
were high. Given the need for a standardized
data collection protocol that was practical over
a wide range of murrelet densities, we discontinued distance sampling data collection after
2003 in favor of raw counts, which we considered the most efficient, comparable, and unbiased method of data presentation and analysis.
In 2004–2006, we simplified the data recording protocol to include (1) the total number
of murrelets seen during each 90° scan; (2) the
behavior of each bird; and (3) the GPS waypoint. Behaviors were classified as sitting on
water, flying (i.e., in flight when detected), or
flushed (i.e., sitting when detected but taking
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Fig. 2. Search pattern used to minimize the number of birds missed or double-counted during Scripps’s Murrelet
spotlight surveys at Anacapa Island, California. Numbers and white dashed arrows represent the sequence of movements used during spotlight scans: (1) beginning perpendicular to the port beam; (2) proceeding toward the bow;
(3) shifting to the starboard beam; (4) proceeding again toward the bow; and (5) recommencing at the port beam.

flight soon after). All murrelets were included
in counts regardless of behavior.
Data Analysis
DENSITY ESTIMATION.—We calculated 200-m
strip-transect and distance sampling density
estimates (murrelets ⋅ km–2) for surveys in
2001–2003. The 200-m strip-transect width
(100 m on each side of the vessel) corresponded with the maximum visual range of a
life-sized murrelet model during field tests
under excellent survey conditions. We used
the program DISTANCE 4.1 (Thomas et al. 2003)
for distance sampling analysis. The radial distance and angle for each observation were
converted to perpendicular distances from the
transect line, and these figures were then
grouped into 5-m intervals to generate a histogram for each survey. DISTANCE 4.1 fit a detection function to the histogram to model the
decreasing probability of detecting an object
as its distance from the transect line increased
(Buckland et al. 1993, 2001). We truncated
observations beyond 50 m as recommended to
allow the detection function to better fit the
data (Buckland et al. 2001).
STATISTICAL TESTS.—We used paired-sample
t tests to examine differences in spotlight counts

between consecutive evening–night and night–
morning surveys within a night and between
inshore and offshore transects for each standard survey. All means are presented with
standard deviation. Pearson’s correlation coefficient (r) was used to examine relationships
between (1) 200-m strip-transect and distance
sampling densities, (2) the proportion of murrelets lacking distance sampling data and the
total count for each standard survey, (3) counts
on consecutive evening–night and night–
morning surveys within nights, (4) nightly
coefficients of variation (CV) and means, (5)
nightly maximum counts on consecutive nights,
(6) inshore and offshore counts for each standard survey, and (7) standard and round-island
counts on the same night.
Although data were limited to 6 years, we
used time series regression to conduct a preliminary assessment of trends in standard
spotlight counts for 2 parameters: the logtransformed (1) annual mean of the nightly
maximum counts and (2) annual maximum
counts (Nur et al. 1999). We used Pearson’s
correlation coefficient to examine the relationship between log-transformed counts of the
number of nests in monitored plots and logtransformed values for (1) annual maximum
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Fig. 3. Frequency of Scripps’s Murrelets observed in relation to distance (grouped into 5-m bins) from the transect
line during standard spotlight surveys at Anacapa Island, California, in 2001–2003.

and (2) annual mean of the nightly maximum
counts.
RESULTS
Strip-Transect and Distance Sampling Density
In 2001–2003, strip-transect densities were
estimated for 90 standard surveys conducted
over 39 nights, whereas distance sampling densities were estimated for 88 surveys conducted
over 38 nights. Data were insufficient to estimate distance sampling densities during 2 surveys on 20 June 2001 when only one bird was
observed. Mean density was 164 murrelets ⋅
km–2 (SD 91, range 11–355) for 200-m strip
transects and 390 murrelets ⋅ km–2 (SD 199,
range 21–881) for distance sampling. Distance
sampling and strip-transect density estimates
were strongly correlated (r = 0.85; P < 0.0001);
but distance sampling densities were invariably higher, with differences between the 2
estimates averaging 226 murrelets ⋅ km–2 (SD
130, range 7–544).
Distribution of the pooled perpendicular
distance data indicated that detection rates
were highest on the transect line (Fig. 3). However, increasing detections from 5 to 20 m
demonstrated the lack of an evident “shoulder”
necessary to reliably determine the value of
the detection function. Examination of the raw
radial distance and angle data indicated that
we tended to heap observations at convenient

values. Observations at 0°, 30°, 45°, 60°, and 90°
accounted for nearly half (49%) of the radial
angle data; whereas observations at 10-m intervals accounted for 66% of the radial distance
data, with heaping particularly obvious beyond
30 m from the observer. As a result, we noted
few histograms (26%) displaying the “strong
shoulder” (Fig. 4a) that promoted reliable
modeling of the detection function (Thomas et
al. 2003) but many (74%) skewed histograms
(Fig. 4) with poor shoulders that provided
unreliable density estimates.
Nearly half (46%) of the individual surveys and 18% of survey nights had observation samples lower than the minimum recommended for reliable density estimates (60
observations; Buckland et al. 2001). The proportion of murrelets lacking distance sampling
data (but included in raw counts) on a particular survey (range 0%–47%) was negatively correlated (r = –0.52, P < 0.0001) with the spotlight count, indicating that we could not efficiently collect distance sampling data when
murrelet densities were high.
Spatial and Temporal Trends
in At-Sea Congregations
TRENDS IN CONGREGATION ATTENDANCE
WITHIN AND BETWEEN NIGHTS.—We conducted 130 standard spotlight surveys over 58
nights in 2001–2006 (Table 1). The mean standard count was 136 murrelets (SD 94, range
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Fig. 4. Examples of distance sampling histograms (distances grouped into 5-m bins) used to model detection functions
for Scripps’s Murrelets at Anacapa Island, California, in 2001–2003. Only histogram A demonstrated characteristics that
yielded reliable density estimates. Histograms B, C, and D demonstrated significant biases that would yield poor density estimates.
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Fig. 5. Relationship between the number of Scripps’s
Murrelets observed on consecutive evening–night and
night–morning periods during standard spotlight surveys
at Anacapa Island, California, in 2001–2006.

0–470). Consistent temporal trends in spotlight counts were not evident within nights.
Nightly maximum counts were not prevalent
during any one survey period, although considerably fewer morning surveys were conducted.
Maximum counts were recorded on 7 evening,
7 night, and 6 morning surveys on the 20
nights when 3 surveys were conducted. Maxi-

mum counts were also recorded on 22 evening,
19 night, and 11 morning surveys on the 52
nights when at least 2 surveys were conducted
(Table 1). Counts did not differ between consecutive evening–night (paired t45 = 0.16, P
> 0.50) or night–morning (paired t25 = 1.54,
P > 0.10) surveys. But we noted strong correlations between consecutive evening–night (r
= 0.85, P < 0.0001) and night–morning (r =
0.54, P < 0.005) surveys (Fig. 5). Occasional
nights with high variation (CV > 0.5) were
strongly associated (r = –0.52, P < 0.0001)
with low nightly mean counts (Fig. 6). We also
noted strong correlations (r = 0.83, P <
0.0001) between maximum counts on consecutive nights (Fig. 7). Because the maximum
count best reflected the number of murrelets
attending the at-sea congregation on a particular night, we used this as the preferred index
for analyses of seasonal trends.
SEASONAL TRENDS IN CONGREGATION ATTENDANCE.—Survey counts over longer periods
(i.e., several days or weeks) varied considerably within a breeding season, but no consistent seasonal patterns were evident (Fig. 8).
Differences in nesting phenology (annual mean
first egg-laying dates ranged from 10 April to
17 May; Fig. 8), survey effort (3–14 nights
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Fig. 8. Seasonal trends in nightly maximum counts during Scripps’s Murrelet standard spotlight surveys at Anacapa
Island, California, in 2001–2006. The annual mean egg-laying date is indicated by a triangle on the x-axis.
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Fig. 11. Relationship between the number of Scripps’s
Murrelets counted on inshore and offshore transects for
each standard spotlight survey at Anacapa Island, California, in 2001–2006.
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Fig. 10. Relationship between the number of Scripps’s
Murrelet clutches laid in monitored nest plots and the
log-transformed annual maximum and annual mean
nightly maximum counts during standard spotlight surveys at Anacapa Island, California, in 2001–2006.

each year; Table 1), and timing of surveys in relation to nesting likely contributed to the lack of
consistent seasonal patterns. Annual peak counts
occurred as early as 6 April (2006) and as late
as 1 June (2004), but they did not appear to be
related to a specific period of the breeding
season. Peak counts occurred as many as 42 days
before (2006) to 32 days after (2003) annual
mean egg-laying dates (Fig. 8). Annual CVs
ranged widely from 27% to 92% (Table 1). High
CVs in some years were partly attributed to
small survey samples (Table 1) or surveys conducted early or late in the breeding season when
extremely low counts were recorded (Fig. 8).

INTERANNUAL TRENDS IN CONGREGATION
ATTENDANCE.—General increases in the time
series regressions for the log-transformed annual maximum (r = 0.71, P > 0.05) and
annual mean nightly maximum (r = 0.56, P >
0.05) counts were not statistically significant
(Fig. 9). Annual maximum counts provided a
better fit to the time series regression, likely
because annual mean nightly maximum counts
were biased by extremely low early and late
season counts. Both measures were likely biased
by small survey samples in 2004 and especially
2006 that affected our ability to obtain representative spotlight counts in those years (Table
1). We noted significant correlations among the
log-transformed number of murrelet clutches
laid in monitored plots each year and the logtransformed annual maximum (r = 0.83, P <
0.05) and mean nightly maximum counts (r =
0.88, P < 0.05; Fig. 10), but data were too limited to reliably assess the relationship.
SPATIAL TRENDS IN AT-SEA CONGREGATION
ATTENDANCE.—Counts on inshore and offshore transects for each standard survey were
correlated (r = 0.52, P < 0.0001; Fig. 11),
although counts were much higher (paired
t129 = 8.93, P < 0.0001) inshore (x– = 93
birds, SD 75) than offshore (x– = 43, SD 30).
Higher murrelet numbers were found offshore
during just 31 of the 130 (24%) standard surveys, primarily on nights when overall standard counts were low.
We completed 12 round-island surveys, with
counts (including the inshore transect of the
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Fig. 12. Relationship between the number of Scripps’s
Murrelets counted on standard and round-island spotlight
surveys conducted on the same night at Anacapa Island,
California, in 2001–2006.

standard survey) ranging from 29 to 564 murrelets. Round-island counts (excluding murrelets
on the inshore standard transect) were strongly
correlated (r = 0.83, P < 0.001) with the corresponding standard survey counts (Fig. 12).
DISCUSSION
Scripps’s Murrelet Breeding
and At-Sea Congregations
Quantifying numbers of Scripps’s Murrelets in nocturnal at-sea congregations with
spotlight surveys is useful for 3 main purposes:
(1) estimating population size; (2) monitoring
changes in population size; and (3) examining
breeding distribution around an island. The
relationship between the number of murrelets
attending at-sea congregations and the size of
the breeding population at Anacapa Island was
impossible to establish directly because we
could not determine the number of nests on
the largely inaccessible coastlines. Spotlight
surveys in 2001–2006 indicated a much larger
colony (about 200–400 pairs) than could be
accounted for by the few nests found in accessible breeding habitats (Whitworth et al. 2005,
2013). However, correlations between standard
spotlight counts and the number of murrelet
clutches in monitored nest plots (Fig. 10) suggested a strong link between at-sea congregation attendance and the number of adults
breeding each year, although more than 6 years
of data are needed to reliably assess this relationship. Given the delayed sexual maturity in
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murrelets (probably 2–3 years, as in the congeneric Ancient Murrelet [S. antiquus]; Gaston
1992), relatively large increases in spotlight
counts were not expected until 2005 (3 years
after rat eradication in 2002). We detected increases in the annual maximum and annual
mean nightly maximum counts in 2005 (Table
1), as well as a large increase in the number of
nests in monitored plots (Whitworth et al. 2013).
Given the strong natal philopatry and
colony fidelity in alcids (Hudson 1985, Gaston
and Jones 1998), the vast majority (if not all)
Scripps’s Murrelets observed in at-sea congregations at Anacapa Island were either
adults breeding at the island or subadults
attending the colony prior to breeding. Although small numbers of subadult Ancient
Murrelets attended nonnatal colonies (Gaston
1992), banding studies conducted at Anacapa
Island (about 450 birds banded over 8 years in
1996–2009) and the large colony at Santa Barbara Island (about 900 birds banded over 10
years in 1994–2010) failed to detect movements between islands (~65 km apart) by any
individuals (Whitworth et al. 1997; D. Whitworth unpublished data).
Strip-Transect and Distance Sampling Density
Estimation of seabird density using strip
transects (Tasker et al. 1984, Gould and Forsell
1989) or distance sampling (Buckland et al.
1993, 2001, Becker et al. 1997) is the most
common method of analyzing abundance for
diurnal shipboard surveys. Many studies have
examined at-sea survey protocols and analytical methodology (e.g., optimal strip-transect
width, accounting for bird movement and
detectability [Spear et al. 1992, 2004, Hyrenbach et al. 2007, Ronconi and Burger 2009]),
and specific techniques have been developed
to better determine the position of birds in
relation to the transect line or within a defined
boundary (e.g., Heinemann 1981) to improve
density estimates. However, nocturnal spotlight surveys have not been used previously to
determine seabird numbers or densities. We
found the particular conditions encountered
during at-sea spotlight surveys to be quite different than those during conventional diurnal
surveys, and these conditions were generally
not amenable to density estimates using either
strip transects or distance sampling.
STRIP TRANSECTS.—Our primary concern
using strip transects with spotlight surveys
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was the great difficulty we experienced determining the position of murrelets relative to a
transect boundary. Estimating the distance of
small, mostly dark-plumaged murrelets sitting
on the dark ocean water while illuminated in
the narrow spotlight beam was particularly
challenging at night given the lack of visible
reference points or a horizon for orientation,
especially when large numbers of birds were
present. In most cases, only the murrelets’
conspicuous white breast was evident in the
spotlight beam, such that the apparent size
and perceived distance of the bird was largely
dependent on its orientation in relation to
the observer. Our experiences with the spotlight beam fixed on specific murrelets during
night-lighting captures (Whitworth et al.
1997) demonstrated that the perceived distance from the observer was often deceptive
and could change abruptly. We did not fix
the beam on individuals during spotlight surveys to avoid causing birds to flush or move
away from the vessel, which could have introduced serious biases to density estimates and
counts. Simply counting murrelets during brief
spotlight scans caused only minimal disturbance. Other complicating factors (e.g., the
small fraction of the total survey area visible
at any time and small numbers of flying or
flushed birds) further compromised strip-transect density estimates.
We assumed a 200-m strip-transect width
to calculate densities because field tests indicated that Scripps’s Murrelets were visible up
to about 100 m in the spotlight beam. However, distance sampling histograms suggested
that 60 m was the maximum range of reliable
detection for murrelets at night (i.e., observations more than 60 m from the transect line
accounted for <1% of all observations; Fig. 3).
Thus, 200-m strip-transect densities likely
underestimated actual densities. Optimal striptransect width for diurnal seabird surveys has
received some attention (e.g., Hyrenbach et
al. 2007), but we could not determine an appropriate transect width for the particular conditions encountered during spotlight surveys.
Using narrower strip transects would probably
not result in more accurate densities because
perceived murrelet distance in the spotlight
beam was deceptive regardless of distance
from the vessel. Furthermore, biases could
result if birds nearer the vessel, presumably
more likely to make evasive movements,
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moved beyond a narrower transect boundary
before detection.
DISTANCE SAMPLING.—The prevalence of
skewed perpendicular distance histograms (Fig.
4b–d) indicated considerable problems with
distance sampling analyses that use spotlight
survey data, probably due to violation of important assumptions during surveys. Accurate
estimation of radial distances and angles is
crucial (Buckland et al. 2001), but the obvious
heaping of data at convenient values demonstrated the unavoidable difficulties we had
estimating distances and angles at night which
undoubtedly biased density estimates. Imprecise navigation on the transect line was an
issue that affected the accuracy of radial angle
data. Changes of bearing were often needed to
correct for deviations from the transect line
caused by periodic loss of GPS signal (particularly near the steep cliffs inshore) and currents
or small swells that often altered the course of
the slowly moving vessel. Because radial angles
were measured with respect to markings on
the vessel bow, changes in bearing greatly
affected the accuracy of angle readings and
consequently reduced the accuracy of perpendicular distances used for density estimates.
Evasive movements by murrelets in response to the survey vessel may have violated
another principal assumption of distance sampling theory: detection of objects at their initial location (Buckland et al. 2001). Perpendicular distance histograms for the pooled data
(Fig. 3) and several individual surveys (e.g.,
Fig. 4b) demonstrated increasing detections
farther from the transect line, indicative of
movements by murrelets from their initial
position to avoid the survey vessel. Becker et
al. (1997) reported little evasive movement by
Marbled Murrelets (Brachyramphus marmoratus) during diurnal shipboard surveys in central California. However, Marbled Murrelets
occurred in much lower densities in these surveys, and visible detection ranges during diurnal surveys were undoubtedly much greater
than in nocturnal surveys, resulting in greater
probability of detection before evasive movements occurred. The spotlight probably rendered the survey vessel more conspicuous and
disturbing to Scripps’s Murrelets, resulting in
more evasive movements before detection.
Sample sizes for distance sampling analyses
were also problematic. Many individual surveys
and several survey nights had fewer than the
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minimum 60 observations recommended for
modeling a detection function (Buckland et
al. 2001). On other nights, the observer was
overwhelmed, particularly in 2003 when high
numbers of birds prevented accurate and efficient data collection. Distance sampling is not
recommended when objects are densely concentrated (Buckland et al. 1993, 2001). Expected increases in at-sea congregation densities as the murrelet population recovers after
the eradication of rats (Whitworth et al. 2013)
will likely make (or perhaps has already made)
distance sampling analyses more difficult at
Anacapa Island.
In 2003, after sufficient data had been collected to evaluate the advantages and disadvantages of the 3 data collection methods, we
determined that standardized raw counts (1)
provided the best possible comparisons for determining murrelet population trends—with
the important requirement that all surveys be
conducted within a narrow range of favorable
conditions to ensure the observer’s visual detection range is similar among surveys—and
(2) greatly facilitated data collection compared
to density estimates, which required difficult,
time-consuming, and often unreliable assessments of murrelet position.
Spotlight Counts
POTENTIAL BIASES.—Bird movement has
been identified as a significant cause of bias in
at-sea survey data (Spear et al. 2004). Flying
and flushed birds comprised only a small proportion (roughly 10%) of our total counts, but
we considered these birds to be a potential
source of bias (overestimation) causing doublecounts of some individuals that may have
landed in the survey area ahead of the vessel.
However, 2 important considerations led to
inclusion of all flying and flushed murrelets in
spotlight counts: (1) we did not see any flying or
flushed birds landing in the survey area ahead
of the vessel to suggest that much doublecounting occurred (although some murrelets
may have landed far ahead beyond spotlight
range) and (2) excluding all flying and flushed
birds to avoid double-counting a few individuals
posed a far greater risk of underestimation.
Common methods to account for flying birds
observed during diurnal surveys usually involve
noting flight direction (Spear et al. 1992, 2004).
However, we felt it was counterproductive to
interrupt survey scans to determine the flight
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paths of individual birds because it would be
essentially impossible to recommence the scan
at the point it was interrupted without doublecounting or missing considerable numbers
of individuals sitting on the water. Furthermore, experience during night-lighting captures (Whitworth et al. 1997) indicated that
flight direction was greatly affected when the
spotlight was fixed on murrelets, often causing
disoriented birds to land on the water.
Attraction to the survey vessel did not appear to be an issue during spotlight surveys.
Swimming murrelets did not approach the
vessel and the few flying birds that approached
did so because they were disoriented by the
spotlight rather than attracted to the vessel.
Though distance sampling histograms suggested that evasive movements in response to
the vessel occurred (see above), it was highly
unlikely that any of the slowly swimming birds
were missed because they moved out of spotlight range. We very rarely observed diving or
surfacing murrelets during spotlight surveys,
although many birds dove to avoid capture
when approached during night-lighting efforts.
VARIATION IN SPOTLIGHT COUNTS.—Spatial
and temporal variability in Scripps’s Murrelet
at-sea congregations have been best studied
on standard transects at Anacapa Island. Standard surveys offered several advantages compared to round-island surveys: (1) establishing
standard transects in the lee of the island
reduced effects from rough seas and prevailing winds, thereby maximizing the number of
completed surveys; (2) calmer waters in the
island lee also resulted in greater comparability among counts; (3) replicate standard surveys could be conducted each night; and (4)
surveys were conducted near a secure anchorage that provided easy access to the standard
survey area. The strong correlation between
standard and round-island counts demonstrated that standard transects (~10% of the
round-island survey area) sampled a representative portion of the total murrelet population.
Thus, standard surveys are most appropriate
for population monitoring. Round-island surveys are most appropriate for estimating population size and examining breeding distribution but also should be conducted to confirm
that standard transects continue to represent
the total population.
Reducing variation in survey data is crucial
to reliable assessments of population trends.
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We reduced spatial variability by sampling at
different distances from shore on the inshore
and offshore transects, but variation caused by
local shifts in the distribution of murrelets in
at-sea congregations around an island would
be problematic for analysis of data from sample
transects. However, strong correlations between
inshore and offshore counts (Fig. 11) and between standard and round-island counts (Fig.
12) indicated that higher numbers in a particular area were usually associated with higher
numbers elsewhere around the island. Thus,
local shifts in distribution probably did not
occur to any great extent; instead, the main
source of variation between nights seemed to
be varying proportions of the overall murrelet
population that returned to the at-sea congregation each night and the other birds that
remained at sea or spent a greater proportion
of the night on the island. Considerable variation has been noted in the number of radiomarked Scripps’s Murrelets that return to Anacapa Island each night (Hamilton et al. 2011),
but the factors affecting attendance were not
examined. Ancient Murrelets also exhibited
considerable night to night variability in colony
attendance, with ambient light and weather
identified as factors affecting attendance; but
also noted was an underlying periodicity (4
days), likely related to the length of the average incubation shift (2–4 days; Jones et al.
1990, Gaston 1992).
Although evening and morning peaks in
vocal activity have been reported (Murray et
al. 1983, Drost and Lewis 1995), we found no
consistent patterns in congregation attendance
within nights. The underlying causes of variation in spotlight counts within nights have not
yet been examined, but the variation was
probably a result of various environmental and
behavioral factors (e.g., prey availability, foraging ranges, wind and ocean conditions, timing
of family group departures, and predation
risks related to ambient light or moon phase)
that affected arrival and departure times at
congregations. We disregarded temporal variability within nights by assuming that the
nightly maximum count best reflected the
number of murrelets attending the congregation on a given night. The lack of consistent
trends within nights indicated that at least 2
surveys should be conducted to obtain a representative nightly maximum count.
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The annual mean nightly maximum and annual maximum survey counts should be used
as key parameters for measuring overall population trends with time series regressions. Adjustments to the annual mean nightly maximum counts will likely be necessary to account
for seasonal variability in attendance (e.g., excluding early and late season counts when
murrelet numbers are usually low); but assuming an adequate sample of survey nights,
the annual maximum count does not require
adjustments. Concurrence between parameters
is expected, but different results could indicate potential biases affecting trend measurement. The lack of seasonal trends indicated
that surveys should be conducted throughout
the breeding season as often as financially and
logistically feasible to ensure that representative counts are obtained. We have yet to assess
the statistical power of existing data to detect
trends in the Scripps’s Murrelet population at
Anacapa Island (e.g., Hatch 2003), but trends
would likely not be evident after only 6 years,
especially considering the limited samples in
2004 and 2006. At minimum, intensive spotlight surveys (minimum of 10 survey nights
each year) over at least 3 consecutive years per
decade are needed to track the progress of the
Scripps’s Murrelet population over time and
validate rates of population growth observed
in small nest plots on Anacapa Island (Whitworth et al. 2013).
Conclusion
The extensive spotlight surveys for Scripps’s
Murrelets at Anacapa Island in 2001–2006
have provided (1) valuable baseline data for
measuring long-term responses of the murrelet population and for validating long-term
trends from nest monitoring after the eradication of black rats; (2) useful information for
designing and implementing exploratory and
baseline surveys at other breeding islands in
southern California and northwestern Baja
California; and (3) valuable comparisons for
better interpretation of data from colonies
where such extensive survey effort has not
been possible. In 2001–2013, we conducted
baseline spotlight surveys at 7 breeding
islands (Anacapa, Santa Barbara, San Miguel,
San Clemente, Santa Catalina, Coronado, and
Todos Santos islands), but thus far only preliminary round-island surveys have been
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conducted at the other 5 breeding islands
(Santa Cruz, San Jeronimo, San Martín, Cedros,
and San Benito islands; D. Whitworth and H.
Carter unpublished data). In addition to nest
monitoring at key Scripps’s Murrelet colonies,
we urge implementation of spotlight monitoring programs to assess changes at all 12 breeding islands. An index relating numbers of
murrelets in at-sea congregations and nests on
the adjacent shoreline is being developed at
Santa Barbara Island that will provide estimates of population size at all murrelet breeding islands using spotlight surveys (D. Whitworth and H. Carter unpublished data). Knowledge of population size and trends allows
management agencies to undertake conservation actions to prevent colony extirpation and
permit or encourage population recovery.
ACKNOWLEDGMENTS
Funding was provided to Humboldt State
University (HSU) and the California Institute
of Environmental Studies (CIES) by the
American Trader Trustee Council (P. Kelly, J.
Boyce, C. Gorbics, A. Little, and S. Hampton)
and Channel Islands National Park (K. Faulkner). Major in-kind support was provided by
HSU (R. Golightly), CIES (F. Gress), and U.S.
Geological Survey (D. Orthmeyer and J. Takekawa). Critical boat support and collaboration
was provided by Channel Islands National
Marine Sanctuary (R/V Balleña and Shearwater; E. Cassano, S. Fangman, and C. Mobley)
and Channel Islands National Park (Pacific
Ranger; B. Wilson and K. Faulkner). Key field
assistance was provided by R. Young, J. Koepke,
E. Creel, the Channel Islands Naturalist Corps,
and many other enthusiastic volunteers. We
thank 2 anonymous reviewers for valuable
comments that greatly improved the paper.
LITERATURE CITED
AGUIRRE-MUÑOZ, A., D.A. CROLL, C.J. DONLAN, R.W.
HENRY III, M.A. HERMOSILLO, G.R. HOWALD, B.S.
KEITT, L. LUNA-MENDOZA, M. RODRÍGUEZ-MALAGÓN,
L.M. SALAS-FLORES, ET AL. 2008. High impact conservation: invasive mammal eradications from the
islands of western México. Ambio 37:101–107.
[ATTC] AMERICAN TRADER TRUSTEE COUNCIL. 2001. Final
restoration plan and environmental assessment for
seabirds injured by the American Trader oil spill.
Published by American Trader Resource Trustee
Council, U.S. Fish and Wildlife Service, California
Department of Fish and Game, and National
Oceanic and Atmospheric Administration.

319

BECKER, B.H., S.R. BEISSINGER, AND H.R. CARTER. 1997.
At-sea density monitoring of Marbled Murrelets in
central California: methodological considerations.
Condor 99:743–755.
BIRT, T.P., H.R. CARTER, D.L. WHITWORTH, A. MCDONALD, S.H. NEWMAN, F. GRESS, E. PALACIOS, J.S.
KOEPKE, AND V.L. FRIESEN. 2012. Rangewide population structure of the Xantus’s Murrelet (Synthliboramphus hypoleucus). Auk 129:44–55.
BUCKLAND, S.T., D.R. ANDERSON, K.P. BURNHAM, AND J.L.
LAAKE. 1993. Distance sampling: estimating abundance of biological populations. Chapman and Hall,
London.
BUCKLAND, S.T., D.R. ANDERSON, K.P. BURNHAM, J.L.
LAAKE, D.L. BORCHERS, AND L. THOMAS. 2001. Introduction to distance sampling: estimating abundance
of biological populations. Oxford University Press
Inc., London.
BURKETT, E.E., N.A. ROJEK, A.E. HENRY, M.J. FLUHARTY, L.
COMRACK, P.R. KELLY, A.C. MAHANEY, AND K.M. FIEN.
2003. Status review of Xantus’s Murrelet (Synthliboramphus hypoleucus) in California. Department of
Fish and Game, Habitat Conservation Planning
Branch, Status Report 2003-01, Sacramento, CA.
CARTER, H.R., G.J. MCCHESNEY, D.L. JAQUES, C.S.
STRONG, M.W. PARKER, J.E. TAKEKAWA, D.L. JORY,
AND D.L. WHITWORTH. 1992. Breeding populations
of seabirds in California, 1989–1991. Volume I, Population estimates. Unpublished draft report, U.S. Fish
and Wildlife Service, Northern Prairie Wildlife
Research Center, Dixon, CA.
CARTER, H.R., D.L. WHITWORTH, J.Y. TAKEKAWA, T.W.
KEENEY, AND P.W. KELLY. 2000. At-sea threats to
Xantus’ Murrelets (Synthliboramphus hypoleucus) in
the Southern California Bight. Pages 435–447 in D.
Browne, H. Chaney, and K. Mitchell, editors, Fifth
Channel Islands Symposium. Minerals Management
Service, Camarillo, CA.
CHESSER, R.T., R.C. BANKS, F.K. BARKER, C. CICERO, J.D.
DUNN, A.W. KRATTER, I.J. LOVETTE, P.C. RASMUSSEN,
J.V. REMSEN JR., J.D. RISING, D.F. STOTZ, AND K.
WINKER. 2012. Fifty-third supplement to the American Ornithologists’ Union Check-List of North
American Birds. Auk 129:573–588.
DROST, C.A., AND D.B. LEWIS. 1995. Xantus’ Murrelet
(Synthliboramphus hypoleucus). In A. Poole and F.
Gill, editors, The Birds of North America, No. 164.
The Academy of Natural Sciences, Philadelphia,
PA, and American Ornithologists Union, Washington, DC.
GASTON, A.J. 1992. The Ancient Murrelet: a natural history
in the Queen Charlotte Islands. T. & A.D. Poyser,
London.
GASTON, A.J., AND I.L. JONES. 1998. The Auks. Volume 4,
Bird families of the world. Oxford University Press
Inc., New York, NY.
GOULD, P.J., AND D.J. FORSELL. 1989. Techniques for shipboard surveys of marine birds. Fish and Wildlife
Technical Report 25. U.S. Department of Interior,
Fish and Wildlife Service, Washington, DC.
HAMILTON, C.D., H.R. CARTER, AND R.T. GOLIGHTLY.
2004. Diet of Xantus’s Murrelets in the Southern
California Bight. Wilson Bulletin 116:152–157.
HAMILTON, C.D., R.T. GOLIGHTLY, AND J.Y. TAKEKAWA.
2011. Relationships between breeding status, socialcongregation attendance and foraging distance of
Xantus’s Murrelets. Condor 113:140–149.

320

MONOGRAPHS OF THE WESTERN NORTH AMERICAN NATURALIST

HATCH, S.A. 2003. Statistical power for detecting trends
with applications to seabird monitoring. Biological
Conservation 111:317–329.
HEINEMANN, D. 1981. A range finder for pelagic bird censusing. Journal of Wildlife Management 45:489–493.
HOWALD, G., C.J. DONLAN, K.R. FAULKNER, S. ORTEGA, H.
GELLERMAN, D.A. CROLL, AND B.R. TERSHY. 2009.
Eradication of black rats Rattus rattus from Anacapa
Island. Oryx 44:30–40.
HOWELL, A.B. 1917. Birds of the islands off the coast of
southern California. Pacific Coast Avifauna No. 12.
HUDSON, P.J. 1985. Population parameters for the Atlantic
Alcidae. Pages 233–261 in D.N. Nettleship and T.R.
Birkhead, editors, The Atlantic Alcidae. Academic
Press, London.
HUNT, G.L., JR., R.L. PITMAN, AND H.A. JONES. 1980. Distribution and abundance of seabirds breeding on the
California Channel Islands. Pages 443–460 in D.M.
Power, editor, The California Channel Islands: proceedings of a multidisciplinary symposium. Santa Barbara Museum of Natural History, Santa Barbara, CA.
HUNT, G.L., JR., R.L. PITMAN, M. NAUGHTON, K. WINNETT,
A. NEWMAN, P.R. KELLY, AND K.T. BRIGGS. 1979. Distribution, status, reproductive biology and foraging
habits of breeding seabirds. Pages 1–399 in Summary of marine mammals and seabird surveys of the
Southern California Bight area, 1975–1978. Volume
3, Investigator’s reports, Part 3: Seabirds of the
Southern California Bight, Book 2. Unpublished
report, University of California, Irvine, CA.
HYRENBACH, K.D., M.F. HENRY, K.H. MORGAN, D.W.
WELCH, AND W.J. SYDEMAN. 2007. Optimizing the
width of strip transects for seabird surveys from vessels of opportunity. Marine Ornithology 35:29–38.
JEHL, J.R., JR., AND S.I. BOND. 1975. Morphological variation and species limits in the genus Endomychura.
Transactions of the San Diego Society of Natural
History 18(2):9–23.
JONES, I.L., A.J. GASTON, AND J.B. FALLS. 1990. Factors
affecting colony attendance by Ancient Murrelets
(Synthliboramphus antiquus). Canadian Journal of
Zoology 68:433–441.
KARNOVSKY, N.J., L.B. SPEAR, H.R. CARTER, D.G. AINLEY,
K.D. AMEY, L.T. BALLANCE, K.T. BRIGGS, R.G. FORD,
G.L. HUNT JR., C. KEIPER, ET AL. 2005. At-sea distribution, abundance and habitat affinities of Xantus’s
Murrelets. Marine Ornithology 33:89–104.
KEITT, B.S. 2005. Status of Xantus’s Murrelet and its
nesting habitat in Baja California, Mexico. Marine
Ornithology 33:105–114.
MCCHESNEY, G.J., AND B.R. TERSHY. 1998. History and
status of introduced mammals and impacts to
breeding seabirds on the California Channel Islands
and Northwestern Baja California Islands. Colonial
Waterbirds 21:335–347.
MCCULLOUGH, D.R. 1982. Evaluation of night spotlighting
as a deer study technique. Journal of Wildlife Management 46:963–973.
MURRAY, K.G., K. WINNETT-MURRAY, Z.A. EPPLEY, G.L.
HUNT JR., AND D.B. SCHWARTZ. 1983. Breeding biology
of the Xantus’ Murrelet. Condor 85:12–21.

[Volume 7

NUR, N., S.L. JONES, AND G.R. GUEPEL. 1999. A statistical
guide to data analysis of avian monitoring programs.
BTP-R6001-1999, U.S. Department of the Interior,
Fish and Wildlife Service, Washington, DC.
RONCONI, R.A., AND A.E. BURGER. 2009. Estimating
seabird densities from vessel transects: distance
sampling and implications for strip transects. Aquatic
Biology 4:297–309, http://dx.doi.org/10.3354/ab00112
SMITH, G.W., AND N.C. NYDEGGER. 1985. A spotlight,
line-transect method for surveying jack rabbits.
Journal of Wildlife Management 49:699–702.
SPEAR, L., N. NUR, AND D.G. AINLEY. 1992. Estimating
absolute densities of flying seabirds using analyses of
relative movement. Auk 109:385–389.
SPEAR, L.B., D.G. AINLEY, B.D. HARDESTY, S.N.G. HOWELL,
AND S.W. W EBB. 2004. Reducing biases affecting
at-sea surveys of seabirds: use of multiple observer
teams. Marine Ornithology 32:147–157.
TASKER, M.L., P. HOPE JONES, T. DIXON, AND B.F. BLAKE.
1984. Counting seabirds at sea from ships: a review
of methods employed and a suggestion for a standardized approach. Auk 101:567–577.
THOMAS, L., J.L. LAAKE, S. STRINDBERG, F.F.C. MARQUES,
S.T. BUCKLAND, D.L. BORCHERS, D.R. ANDERSON, K.P.
BURNHAM, S.L. HEDLEY, J.H. POLLARD, AND J.R.B.
BISHOP. 2003. Distance 4.1. Release 2. Research
Unit for Wildlife Population Assessment, University
of St. Andrews, United Kingdom. Available from:
http://www.ruwpa.st-and.ac.uk/distance/.
WHITWORTH, D.L., AND H.R. CARTER. 2012. Spotlight surveys for assessing Synthliboramphus murrelets attending nocturnal at-sea congregations. Pages 119–138
in Y.S. Kwon, H.Y. Nam, C.Y. Choi, and G.C. Bing,
editors, Status and conservation efforts on murrelets.
Proceedings of the 6th International Symposium on
Migratory Birds. National Park Migratory Bird Center, Shinan, Korea.
WHITWORTH, D.L., H.R. CARTER, T.M. DVORAK, L.S. FARLEY, AND J.L. KING. 2014. Status, distribution, and
conservation of Scripps’s Murrelet at Santa Catalina
Island, California. Monographs of the Western North
American Naturalist 7:321–338.
WHITWORTH, D.L., H.R. CARTER, AND F. GRESS. 2013.
Recovery of a threatened seabird after eradication of
an introduced predator: eight years of progress for
Scripps’s Murrelet at Anacapa Island, California.
Biological Conservation 162:52–59.
WHITWORTH, D.L., H.R. CARTER, R.J. YOUNG, J.S. KOEPKE,
F. GRESS, AND S. FANGMAN. 2005. Initial recovery of
Xantus’s Murrelets following rat eradication on Anacapa Island, California. Marine Ornithology 33:
131–137.
WHITWORTH, D.L., J.Y. TAKEKAWA, H.R. CARTER, AND W.R.
MCIVER. 1997. Night-lighting as an at-sea capture
technique for Xantus’ Murrelets in the Southern
California Bight. Colonial Waterbirds 20:525–531.
Received 17 April 2013
Accepted 24 January 2014
Early online 3 December 2014

Monographs of the Western North American Naturalist 7, © 2014, pp. 321–338

STATUS, DISTRIBUTION, AND CONSERVATION OF SCRIPPS’S
MURRELET AT SANTA CATALINA ISLAND, CALIFORNIA
Darrell L. Whitworth1,2,6, Harry R. Carter1,2,4, Tyler M. Dvorak3, Linda S. Farley3,5, and Julie L. King3
ABSTRACT.—The small population of Scripps’s Murrelets (Synthliboramphus scrippsi) at Santa Catalina Island, California, has been restricted for at least several millennia to isolated pairs nesting in cliff and shoreline habitats that are
mostly inaccessible to island fox (Urocyon littoralis catalinae). Prior to 1994, the only evidence of murrelets breeding at
Catalina was a single nest reportedly found on Bird Rock in 1967. In 1994–1995, a larger and more widespread population estimated at 25–75 pairs was indicated through vocal detection surveys of murrelets attending nocturnal at-sea congregations in nearshore waters near breeding areas. Murrelets were heard at 11 of 25 survey stations, with highest vocal
activity between Land’s End and Ribbon Rock (6–62 detections per survey). In 2004 and 2012, round-island spotlight
surveys better assessed the distribution and abundance of murrelets in congregations, with 101 and 291 individuals,
respectively, observed along the 82-km transect. Highest numbers in 2012 suggest a current breeding population of
roughly 100–200 pairs at Catalina, the fourth largest colony in southern California. Congregations were strongly associated with coastal cliffs between (1) Isthmus Cove and Twin Rocks and (2) Iron Bound Bay and Catalina Harbor. In
2000–2013, night-lighting captures of 79 birds in congregations recorded 10 (13%) murrelets with brood patches, usually indicative of egg-laying. During captures in 2008 and spotlight surveys in 2012, three family groups (adults with
small downy chicks) departing island nests were observed in nearshore waters. No nests were found during searches on
offshore rocks (including Bird Rock) in 1991–1996, but 7 nests were discovered in 2012–2013 during searches of boataccessible shoreline cliffs between Isthmus Cove and Twin Rocks. Overall, 6 of 8 clutches (75%) with known fates were
successful, but evidence of mammalian predators preying on murrelet eggs was also present. A long-term monitoring,
research, and restoration program is needed at Catalina. Initial restoration efforts should focus on reducing predation by
introduced mammals and reducing impacts from oil pollution and bright lights.
RESUMEN.—Durante mucho tiempo (por lo menos varios milenios), la población pequeña de Synthliboramphus
scrippsi en la Isla Santa Catalina, California, se limitó a parejas aisladas que anidaban en acantilados y costas, a los
cuales, el zorro (Urocyon littoralis catalinae) no tiene acceso. Antes del año 1994, el único indicio de la existencia de
S. scrippsi en Catalina era un nido que se encontró en Bird Rock en el año 1967. Entre los años 1994 y 1995, se observó
una población más numerosa y más extensa, que se estima es de entre 25 y 75 parejas, gracias a investigaciones basadas
en la detección vocal de estas aves que se encontraban en congregaciones nocturnas en el mar, en aguas cercanas a la
orilla, próximas a las áreas de reproducción. Se escucharon individuos de S. scrippsi en 11 de 25 estaciones de investigación, y se registró la máxima actividad vocal entre Land’s End y Ribbon Rock (estudio de 6 a 62 inspecciones-1). En el
año 2004 y el año 2012, los conteos nocturnos en toda la isla analizaron mejor la distribución y la abundancia de las aves
en las congregaciones, constituidas por 101 y 291 individuos, respectivamente, que se observaron a lo largo de un transecto de 82 km. El aumento de la cantidad en el año 2012 sugirió una población reproductiva actual de aproximadamente 100 y 200 parejas en Catalina, la cuarta colonia más grande del sur de California. Las congregaciones se asociaron
ampliamente con acantilados costeros entre: (1) Isthmus Cove y Twin Rocks; y (2) Iron Bound Bay y Catalina Harbor.
Las capturas nocturnas de 79 aves en congregaciones entre el año 2000 y el año 2013 registraron 10 (13%) de aves con
parches de incubación, que habitualmente indican la puesta de huevos. Se observaron tres grupos familiares (adultos
con pequeños polluelos con plumón) que partían de los nidos de la isla, en las aguas cercanas a la orilla durante las capturas en el año 2008, y en los conteos nocturnos en el año 2012. No se encontraron nidos durante las búsquedas en las
rocas en el agua (incluyendo Bird Rock) entre 1991 y 1996, no obstante se encontraron siete nidos entre 2012 y 2013
durante las búsquedas en acantilados en la costa, a los que se pudo llegar en barco, entre Isthmus Cove y Twin Rocks.
En total, seis de ocho puestas de huevos (75%) con destino conocido dieron buen resultado, pero encontramos indicios
de mamíferos depredadores que cazaban huevos. Es necesario implementar un programa de monitoreo, investigación y
restauración a largo plazo en Catalina. Los trabajos iniciales de restauración se deberán dedicar a reducir la depredación
por mamíferos que se introducen en el hábitat y reducir el impacto de la contaminación por derrame de petróleo y la
iluminación intensa.

1California Institute of Environmental Studies, 3408 Whaler Avenue, Davis, CA 95616.
2Humboldt State University, Department of Wildlife, 1 Harpst Street, Arcata, CA 95221.
3Catalina Island Conservancy, Box 2739, Avalon, CA 90704.
4Present address: Carter Biological Consulting, 1015 Hampshire Road, Victoria, BC V8S 4S8 Canada.
5Present address: Conservation Earth Consulting, 505 Applegate St., Jacksonville, OR 97530.
6E-mail: darrellwhitworth@ciesresearch.org
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The population of Scripps’s Murrelet (Synthliboramphus scrippsi) at Santa Catalina Island
(hereafter “Catalina”), California, has been among
the most poorly studied of the 6 California
Channel Islands where murrelet breeding has
been documented (Drost and Lewis 1995, Burkett et al. 2003). Breeding by Scripps’s Murrelet
in southern California was first documented at
nearby Santa Barbara Island in 1863 (Carter et
al. 2005), but little information was obtained
concerning the presence or status of this seabird at Catalina through most of the 20th century. This lack was primarily due to the longterm presence (perhaps several millennia) of
endemic island fox (Urocyon littoralis catalinae; Collins 1991), which has restricted the
remnant murrelet population to isolated and
undocumented nests in mostly inaccessible
cliff and shoreline habitats. As a result, murrelets were not among the seabird species
listed as present at Catalina in the early 20th
century (Howell 1917). The first evidence of
breeding at Catalina was not found until 1967
when naturalist D. Bleitz reported a single
nest on Bird Rock near Two Harbors (Hunt et
al. 1979, 1980). Until 1994, this discovery was
the only evidence of murrelet breeding at the
island. Major seabird colony surveys in the
Channel Islands by the University of California, Irvine, in 1975–1977 (Hunt et al. 1979,
1980) and Humboldt State University (HSU)
in 1991 (Carter et al. 1992) did not uncover
any further evidence of murrelet breeding
during very limited nest searches at Catalina,
although these efforts occurred before effective at-sea congregation survey techniques had
been developed.
Like other Synthliboramphus murrelets,
Scripps’s Murrelets attend congregations at
night in nearshore waters adjacent to breeding
areas (hereafter “congregations”; Murray et
al. 1983, Whitworth et al. 1997, 2000), a conspicuous behavior that facilitates colony detection and population monitoring (Whitworth and
Carter 2012, 2014). In 1994, HSU initiated nocturnal surveys of Scripps’s Murrelets in congregations by using a vocal detection survey
modified from a technique developed in 1987
to detect Marbled Murrelets (Brachyramphus
marmoratus) in old-growth forests (Paton et al.
1990). HSU conducted vocal detection surveys to determine the distribution of Scripps’s
Murrelet breeding areas around all the California Channel Islands in 1994–1997 (including
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Catalina in 1994–1995) and the Coronado
Islands, Baja California, Mexico, in 1995 (H.
Carter unpublished data). Similar surveys were
conducted at other northwestern Baja California islands in 1999 (Keitt 2005). These surveys indicated that Scripps’s Murrelets were
more widespread in the Channel Islands than
previously known (Burkett et al. 2003), but
breeding areas were apparently limited at most
islands to habitats inaccessible to fox, cats, and
rats. However, it was difficult to estimate murrelet population size at an island from vocal detection survey data because (1) it was not possible to reliably correlate vocal activity with the
actual number of murrelets present in the congregation; (2) widely spaced survey stations left
large gaps in survey coverage; and (3) single surveys at most stations did not adequately examine the temporal variation in vocal activity.
Given their small world population size
(7000–8000 breeding pairs; Karnovsky et al.
2005), restricted breeding range (Drost and
Lewis 1995), limited number of breeding locations (at most 12 islands; Birt et al. 2012), and
status as a threatened species in California
(Burkett et al. 2003), development of a better
population monitoring technique was critical
to the conservation efforts for this species at
Catalina and other islands. In 2001, the California Institute of Environmental Studies
(CIES) and HSU developed a nocturnal spotlight survey technique (Whitworth and Carter
2012, 2014) for counting Scripps’s Murrelets
attending congregations. This survey technique can be used to (1) provide detailed
information on the nesting distribution around
islands, (2) refine estimates of population size,
and (3) conduct long-term monitoring. Since
2004, CIES has conducted spotlight surveys
at all known or suspected Scripps’s Murrelet
breeding islands throughout southern California (including Catalina in 2004) and northwestern Baja California. In 2012–2013, CIES
and the Catalina Island Conservancy (CIC)
began a multiyear study at Catalina to develop
baseline data for assessing long-term Scripps’s
Murrelet population trends, using spotlight
surveys, at-sea captures (Whitworth et al. 1997),
and nest searches. In this paper, we provide
the first detailed assessment of the status and
distribution of Scripps’s Murrelets at Catalina,
based primarily on surveys conducted by
HSU, CIES, and CIC between 1994 and 2013.
In addition, we have conducted a preliminary
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Fig. 1. Santa Catalina Island (33°24 N, 118°27 W), California, with place names mentioned in the text.

assessment of the conservation issues that may
impact murrelets at Catalina and possible restoration options to benefit this small, vulnerable population.
METHODS
Study Area
Santa Catalina Island (33°24 N, 118°27 W)
is located off the southern California coast near
Los Angeles, about 30 km southwest of the
Palos Verdes peninsula and the major international shipping port of Long Beach (Fig. 1).
Catalina is the third largest (194 km2) of the 8
southern California Channel Islands and the
largest of the 4 southern islands. Unlike the
other Channel Islands, Catalina is not owned
by the federal government; most of the island
(88%) is owned by CIC, and the remainder is
owned by the Santa Catalina Island Company
(SCIC; 11%) and private entities (<1%) within
the city of Avalon and on Bird Rock. As a result, Catalina has experienced more extensive

development than the other Channel Islands.
A sizable human population (~4500) inhabits
Catalina year-round, largely concentrated in
the towns of Avalon and Two Harbors (Fig. 1),
and is supplemented by over 800,000 tourists
annually, mainly in the summer and autumn.
Visitors also frequent 9 remote, boat-accessible shoreline campsites, 12 developed camps
and yacht clubs, and over 1000 moorings that
are present at nearly every cove or beach along
the east (leeward) side of the island. However,
many parts of the island remain undeveloped,
especially west of the isthmus.
Introduced mammalian predators are abundant on the main island, including feral cats
(Felis catus), black rats (Rattus rattus) and
Norway rats (Rattus norvegicus), and house
mice (Mus musculus; McChesney and Tershy
1998, CIC unpublished data). Catalina is also
unique among the Channel Islands for having
the highest diversity of potential native terrestrial predators: Santa Catalina Island fox,
Santa Catalina Island deer mouse (Peromyscus
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Fig. 2. Number of vocal detections of Scripps’s Murrelets recorded at 25 at-sea stations at Santa Catalina Island, California, in 1994 and 1995. Solid white circles are scaled to the number of detections recorded at each station (range 0–62
detections per 15-min survey).

maniculatus catalinae), Santa Catalina Island
harvest mouse (Reithrodontomys megalotis
catalinae), Catalina California ground squirrel
(Otospermophilus beecheyi nesioticus), Southern Pacific rattlesnake (Crotalus oreganus helleri), and San Diego gopher snake (Pituophis
catenifer annectens).
Survey Techniques
VOCAL DETECTION SURVEYS.—Nocturnal vocal detection surveys were conducted to determine the distribution and relative levels of
murrelet vocal activity at stations located 200–
400 m from shore and spaced at intervals of
1–4 km around Catalina (Fig. 2). Each of the
25 stations was surveyed only once, with the
exception of replicate surveys at Ship Rock
and Arrow Point (one each in 1994 and 1995).
Surveys were conducted as follows: 5 stations
between Parson’s Landing and Bird Rock on
13 May 1994 (21:33–23:32 PST); 9 stations between North Quarry and West Palisades, plus

Arrow Point and Ship Rock on 20–21 April
1995 (21:03–01:23); and 11 stations between
Stony Point and Salta Verde Point on 17 May
1995 (00:20–03:49). In addition, hourly surveys
were conducted from 20:00 to 23:00 to examine variation in vocal activity at Eagle Rock on
26 April 2000.
Each survey involved a primary observer in
a drifting Zodiac inflatable craft counting all
vocal detections heard over a 15-min period. A
vocal detection was defined as a distinct call
or series of calls separated by at least 3 s from
the previous or succeeding call and originating from the same direction and relative distance. The data recorder entered the direction,
distance, and minute of each detection on a
data sheet and occasionally alerted the primary observer to calls that might have been
missed. Detection direction was determined
with reference to a compass, whereas distance
was a subjective determination based on the
amplitude of the call. We arrived at the survey

2014]

SCRIPPS’S MURRELETS AT SANTA CATALINA

325

TABLE 1. Round-island spotlight surveys of Scripps’s Murrelets conducted at Santa Catalina Island, California, in 2004
and 2012.
Year

Date

Time (PST)

Transect

2004

20–21 Apr
2–3 May
10–11 May

21:55–01:46
21:51–01:46
23:19–01:40

Arrow Point–East End Light
Arrow Point–Ben Weston Point
Ben Weston Point–East End Light

22–23 Apr
23–24 Apr
24–25 Apr

22:22–00:51
22:27–01:12
22:14–00:28

Isthmus Cove–Catalina Harbor
Catalina Harbor–Avalon
Avalon–Isthmus Cove

TOTAL
2012

Murrelets

TOTAL

30
60
11
101
86
57
148
291

TABLE 2. Standard spotlight surveys of Scripps’s Murrelets conducted between Isthmus Cove and Twin Rocks at Santa
Catalina Island, California, in 2012 and 2013.
Year
2012

2013

Date
24–25 Apr
26–27 Apr
27 Apr
29 Apr
15 Apr
17 Apr
17–18 Apr
18 Apr
19 May

Time (PST)

Isthmus Cove

Twin Rocks

Total

23:27–00:28
23:13–00:04
23:05–00:00
00:11–01:06
21:32–22:28
21:07–22:10
23:51–00:53
21:18–22:14
22:12–23:11

46
39
41
25
29
14
33
10
2

86
41
43
41
74
56
41
31
0

132
80
84
66
103
70
74
41
2

TABLE 3. Scripps’s Murrelet night-lighting captures conducted at Santa Catalina Island, California, 2000–2013.
Year

Night

Time (PST)

Murrelets
captured

2000
2004

26–27 Apr
3 May
10 May
27–28 Apr
23 Apr
27 Apr
28 Apr
29 Apr
15–16 Apr
18–19 Apr
19–20 May

22:48–01:27
02:56–03:21
22:11–22:58
21:45–02:50
01:05–02:08
00:25–02:35
00:15–02:44
01:25–03:28
22:42–02:35
23:29–00:37
23:20–00:25

12
2
3
12
5
5a
11
10
15
3
1

2008
2012

2013

Brood
patches (%)
0
0
1 (33%)
5 (42%)
2 (40%)
0
0
0
2 (13%)
0
0

aOne murrelet was not banded.

station at slow speeds in full darkness, turned
off the outboard engine, and waited ≥2 min
after arrival to allow murrelets to resume vocalizing before beginning a survey. Before each
survey, environmental conditions were recorded
as excellent, good, fair, or poor. Surveys were
not conducted when winds exceeded approximately 20 km ⋅ h –1.
SPOTLIGHT SURVEYS.—Nocturnal spotlight
surveys (Whitworth and Carter 2012, 2014)
were conducted over 4 nights in 2004, 6 nights
in 2012, and 4 nights in 2013 (Tables 1, 2).
Round-island surveys circumnavigating Catalina
at 200–300 m from shore were conducted in

2004 and 2012 and required 3 nights to complete (Table 1). The same 82-km transect was
used in 2004 and 2012, although for logistic
reasons (i.e., departure from different harbors
or anchorages) the partial transects differed
each year (Table 1). A “standard” transect
(~10 km) covering dense congregations on the
leeward shore between Isthmus Cove and
Twin Rocks (Fig. 1) was established in 2012 to
examine variation in murrelet attendance. Replicate standard surveys were conducted on 3
nights in 2012 and 4 nights in 2013 (Table 2).
AT-SEA CAPTURES.—Murrelets were captured
using the night-lighting technique (Whitworth
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et al. 1997) on 1 night in 2000, 2 nights in 2004,
1 night in 2008, 4 nights in 2012, and 3 nights
in 2013 (Table 3). Capture efforts in 2000–2008
were conducted between Catalina Harbor and
Eagle Rock; but in 2012–2013, captures were
conducted mainly between Isthmus Cove and
Twin Rocks, with only a few off Catalina Harbor in 2012. On nights when spotlight surveys
and night-lighting captures were conducted
in the same area, spotlight surveys were conducted first to avoid disrupting murrelets and
affecting counts.
Each captured bird was (1) banded with a
U.S. Geological Survey #2 stainless steel leg
band; (2) identified to species by facial plumage
(Jehl and Bond 1975); and (3) examined for
presence and development of bilateral brood
patches (scored after Sealy 1974) to assess probable breeding status. In 2008, blood samples
were also collected for genetic analyses (Birt
et al. 2012). Murrelets were held for 5–10 min
and released immediately after processing.
NEST SEARCHES.—Small handheld flashlights
were used to search suitable crevices and other
sheltered sites for evidence of past or current
breeding (e.g., incubating or brooding adult;
whole, unattended eggs; broken or hatched eggshell fragments; eggshell membranes; or chicks;
Whitworth et al. 2005, 2013). All nest search
areas were accessed by an inflatable boat.
Nest searches by HSU were conducted on
31 May 1991, 13 May 1994, 20 April 1995, and
7 May 1996 (Carter et al. 1992; H. Carter
unpublished data). Boat-accessible shoreline
areas and offshore rocks were searched as
follows: Bird Rock in 1991, 1994, 1995, and
1996; Ship Rock in 1991, 1994, and 1995;
small offshore rocks and adjacent main island
shoreline at Silver Canyon Landing in 1991
and 1996; Church Rock and adjacent main
island shoreline in 1996; and selected shoreline habitats from Lobster Bay to Eagle Rock
in 1996. Ship Rock also was searched by CIES
on 28 April 2008.
Nest searches by CIES/CIC were conducted on 25 and 28 April 2012, 18 April
2013, and 20–22 May 2013. Boat-accessible
shoreline areas and small offshore rocks were
searched as follows: offshore rocks and main
island between Empire Landing and Twin
Rocks in April 2012 and April and May 2013;
offshore rocks and main island between Two
Harbors and Indian Rock in April 2012; main
island between Isthmus Cove and Empire
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Landing in May 2013; and main island between Isthmus Cove and Two Harbors in May
2013.
RESULTS
Vocal Detection Surveys
We found that overall vocal activity at
Catalina in 1994–1995 was relatively low (6 +
–
14 detections per survey; n = 25), quite variable (range 0–62 detections per survey; CV =
2.27), and localized (Fig. 2). Highest detections were recorded off the northwest coast at
Land’s End (62), Iron Bound Bay (34), and
Ribbon Rock (20). Low vocal activity (≤10
detections) was recorded at 7 stations off the
west coast of Catalina, and no detections were
heard at 14 stations, mainly off the leeward
shore (Fig. 2). On the leeward side of Catalina,
the only station with detections was near the
North Quarry (3). Detections were not recorded at Ship Rock and Arrow Point in 1994
or 1995. Four surveys near Eagle Rock in 2000
recorded 0–3 detections per survey. Conditions were excellent or good for most (71%)
surveys, although windy conditions may have
affected results during surveys at Arrow Point,
Ship Rock, North Quarry, and Long Point on
the night of 20–21 April 1995 (Fig. 2).
Spotlight Surveys
Round-island spotlight counts totaled 101
murrelets in 2004 and 291 murrelets in 2012
(Table 1). Three discrete areas accounted for
most birds observed in both 2004 (72%) and
2012 (77%): (1) the northwest coast from Iron
Bound Bay to just south of Catalina Harbor
(hereafter “Northwest” congregation); (2) the
leeward shore between Isthmus Cove and
North Quarry (hereafter “Isthmus Cove” congregation); and (3) the leeward shore between
Empire Landing and Twin Rocks (hereafter
“Twin Rocks” congregation; Fig. 3). However,
the proportion of birds counted in each area
differed each year. In 2004, half (50%) were
observed in the Northwest congregation and
about a quarter (23%) in the Isthmus Cove–
Twin Rocks congregations; but in 2012, about
half (46%) were observed in the Isthmus
Cove–Twin Rocks congregations and just a
third (31%) in the Northwest congregation.
Steep cliffs and slopes, often with rocky scree
at the base, characterized shoreline habitats
adjacent to congregations.
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Fig. 3. Distribution and number of Scripps’s Murrelets observed per scan during round-island nocturnal spotlight
surveys at Santa Catalina Island, California, in 2004 (top) and 2012 (bottom).

Smaller congregations and isolated individuals or pairs were observed around the
remainder of Catalina in 2004 and 2012, mainly
on the south shore from East End to China
Point and on the north shore from Iron Bound

Bay to Arrow Point. In almost all cases, murrelet observations were associated with isolated patches of apparently suitable breeding
habitat characterized by steep coastal cliffs (e.g.,
Arrow Point, Fish Hook; Fig. 4). One family
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Fig. 4. Patchy cliff habitats at Santa Catalina Island, California, associated with small and isolated Scripps’s Murrelet
congregations near Arrow Point (top panel) and Fish Hook (bottom panel). Open circles are scaled to represent the number of murrelets per scan (smallest = 1; largest = 4) observed during round-island spotlight surveys in 2004 (red) and
2012 (white).
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Fig. 5. Locations of Scripps’s Murrelet nesting areas A–D between Isthmus Cove and Twin Rocks at Santa Catalina
Island, California, in 2012–2013. Open red circles are scaled to represent the number of murrelets per scan (smallest = 1;
largest = 11) observed during the standard spotlight survey on 15 April 2013.
TABLE 4. Scripps’s Murrelet nests found at Santa Catalina Island, California, in 2012–2013. See Fig. 5 for location of nesting areas.

Nest number
1
2
3
4
5
6
7

Area
A
A
B
B
C
B
D

Nest contents
__________________________________________________________________
2012
2013
hatched egg
depredated egg
incubating adult
hatched egg
not found
not found
not found

empty
empty
1 unhatcheda and 1 hatched eggb
cracked egga
1 hatched and 1 depredated eggb
hatched eggb
hatched eggb

aFound about 0.5 m below nest in April 2013.
bMay 2013.

group (2 adults and a single small downy
chick) was observed departing the island near
China Point at 23:18 on 23 April 2012.
Standard spotlight counts ranged from 66
to 132 murrelets (x– = 91 +
– 29 murrelets) in
April 2012 and from 41 to 103 murrelets (x– =
72 +
– 25 murrelets) in April 2013 (Table 2).
Variation in April spotlight counts was similar
both years, with CVs of 0.32 in 2012 and 0.35
in 2013. Counts generally decreased each night
in both years, although slight increases were
noted on consecutive nights in 2012 (26 and
27 April) and during 2 surveys on 17 April
2013 (Table 2). Only 2 murrelets were counted
during the lone standard survey in May 2013

(Table 2). Counts were consistently higher in
the Twin Rocks congregation (52 +
– 19 murrelets; range 31–86) compared to Isthmus Cove
congregation (30 +
– 13 murrelets; range 10–46;
Table 2).
Results of suspended or supplemental spotlight surveys include 8 murrelets observed between Land’s End and Whale Rock (7.3 km)
from 22:03 to 23:07 on 19 April 2004; 8 murrelets observed between Isthmus Cove and
west of Arrow Point (~6 km) from 23:01 to
23:42 on 28 April 2012; and 1 murrelet observed on a transect (<1 km) around Ship
Rock from 23:21 to 23:32 on 17 April 2013.
These surveys confirm the data obtained on
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Fig. 6. Scripps’s Murrelet nesting areas A–D between Isthmus Cove and Twin Rocks at Santa Catalina Island, California,
(nest 2), an incubating adult (nest 3), and hatched eggs (nests 4–5).
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in 2012–2013. Numbers indicate nest locations in each area (see Table 4). Inset photos depict a rodent-depredated egg
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round-island surveys and suggest possible
nesting at Ship Rock in 2013.
At-Sea Captures
We captured 79 Scripps’s Murrelets at Catalina from 2000 to 2013 (Table 3). Ten murrelets
(13%) had well-developed brood patches, although the annual proportion of murrelets with
brood patches ranged from 0% to 42%. No
murrelets were recaptured, but insufficient
capture effort has been expended to date.
During captures on 27–28 April 2008, family
groups were observed in nearshore waters in
Iron Bound Bay (1 adult and 1 small downy
chick between 00:00 and 00:30) and Lobster
Bay (2 adults and 2 small downy chicks between
00:45 and 01:25).
Nest Searches
No Scripps’s Murrelet nests were found
during searches in 1991–1996 or 2008.
Despite the nest record from 1967 (Hunt et
al. 1979, 1980), crevices large enough for
breeding were not found on Bird Rock. Potential nest crevices were not found on Church
Rock either, but were noted at Ship Rock (n
= 15–20) and Silver Canyon Landing (n = 4)
and shoreline areas near Church Rock (n >
10). Many crevices were also found on the
shoreline between Lobster Bay and Eagle
Rock.
A total of 7 murrelet nests were found in 4
discrete, boat-accessible areas between Isthmus Cove and Twin Rocks in 2012–2013
(Table 4; Figs. 5, 6). All nests were found
either in rocky scree at the base of sheer
coastal cliffs or on narrow ledges or fissures
on the face of otherwise sheer cliffs (Fig. 6).
All 4 documented nesting areas were found in
coastal habitats adjacent to congregations
(Fig. 5).
A total of 9 clutches were recorded in
2012–2013 (Table 4). Only 2 of the 4 nests
found in 2012 were also active in 2013. Overall, 6 of 8 clutches (75%) with known fates
were successful (defined as at least one hatched
egg per clutch; Whitworth et al. 2013). We did
not determine the clutch fate for nest 3 where
an incubating adult was observed in April
2012 (Fig. 6). Failed clutches were recorded in
nest 2 in 2012 (apparently a rodent-depredated or scavenged egg; Fig. 6 inset) and nest
4 in 2013 (a cracked egg found about 0.5 m
below the nest).
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DISCUSSION
Population Size and Trends at Catalina
Since 1994, greatly improved knowledge of
the distribution and abundance of Scripps’s
Murrelets at breeding islands has been gathered through the use of congregation surveys,
particularly at islands such as Catalina where
native and introduced mammalian predators
have severely limited the nesting habitats
available to murrelets. Prior to these studies,
the murrelet population at Catalina was considered negligible. After unsuccessful nest
searches limited to Bird Rock in 1976–1977,
Hunt et al. (1979) stated that “if murrelets
bred there at all, their nests sites were few and
scattered far apart.” Similarly, Carter et al.
(1992) suspected “only small numbers” (<5–25
breeding pairs) after unsuccessful nest searches
on Bird Rock, Ship Rock, and Silver Canyon
Landing in 1991. Both assessments recognized
the possibility of Scripps’s murrelets breeding
in the steep coastal habitats at Catalina, but
given the limited information available at the
time, the reports likely underestimated the
size of the overall population. Based mainly on
1994–1995 vocal detection surveys around
the entire island, HSU reported a significant
breeding population of 25–75 pairs, mainly on
the steep northwest coast between Land’s End
and Ribbon Rock (Burkett et al. 2003). This
estimate was still considered adequate following the first spotlight surveys at Catalina in
2004 (101 birds), but the counts in 2004 were
affected by late and reduced breeding that
probably resulted in decreased congregation attendance. Compared to counts at Santa Barbara
Island, the round-island spotlight count at Catalina in 2012 (291 murrelets) suggests a larger
population of roughly 100–200 breeding pairs,
perhaps the fourth largest colony containing
about 10% of the overall population of Scripps’s
Murrelets in the Channel Islands (D. Whitworth and H. Carter unpublished data). Differences in population assessments between
1967 and 2013 resulted mainly from greater
survey effort and increasingly effective survey
techniques rather than population increases
over this period. Considering the limited breeding habitats available to murrelets at Catalina
prior to other human impacts in the 19th and
20th centuries, we consider it highly unlikely
that the historic population was much greater
than what was found in 2012–2013.
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Though data are insufficient to reliably determine past population trends, spotlight surveys in 2012–2013 now provide baseline data
for long-term trend monitoring. The variation
evident in standard spotlight counts reflects
various behavioral and environmental factors
that affect use of congregations by murrelets
on specific nights (Whitworth et al. 2000).
Annual variation at Catalina in 2012–2013 was
generally consistent with that observed at
Anacapa Island in 2001–2006, although more
nights were surveyed at Anacapa Island in
most years (Whitworth and Carter 2012, 2014).
Given the annual variability in timing of
breeding observed at Santa Barbara and
Anacapa Islands (Drost and Lewis 1995, Whitworth and Carter 2014), larger samples of
annual surveys (8–10 survey nights) at Catalina are desirable to help minimize variation
and ensure that spotlight counts are conducted during peak congregation attendance.
Larger samples would provide more reliable
maximum and mean counts to better measure
population trends. Logistic and financial constraints may preclude such large samples in
certain years, but major population changes
will still be detected with a minimum of 4–5
surveys per year.
The Isthmus Cove, Twin Rocks, and Northwest congregations accounted for roughly 75%
of all murrelets counted at Catalina. Furthermore, these congregations were easily accessible from safe harbors and relatively protected
from prevailing winds and swells, such that
adequate numbers of replicate standard spotlight surveys could be used to monitor overall
population trends at Catalina. Surveys on multiple standard transects are desirable at large
islands like Catalina because the effects of
mammalian predators and marine anthropogenic impacts (e.g., oil spills, bright lights)
may vary. Round-island surveys should also be
conducted periodically to detect major changes
in other areas and confirm the relationship
between standard surveys and the rest of the
island. Positive correlations have been noted
between standard and round-island counts at
Anacapa Island (Whitworth and Carter 2012,
2014).
Isthmus Cove and Northwest congregations
also are particularly suitable for capture efforts
and mark-recapture analyses. Although Scripps’s
Murrelets were not recaptured in 2012 or
2013, continued at-sea captures over several
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consecutive years should provide reasonable
recapture rates (as at Anacapa and Santa Barbara islands; D. Whitworth and H. Carter
unpublished data) that permit Jolly–Seber
population estimates (Jolly 1965, Seber 1965).
Jolly–Seber population estimates can be
compared to population estimates derived
from spotlight survey data and can help validate these estimates or reveal potential biases
in spotlight or capture data and analyses.
Recaptures of banded murrelets at Catalina
and other nearby islands also may provide
information on nesting area fidelity, longevity, and mortality at or away from Catalina
and possible movements between breeding
islands (not yet detected in the Channel
Islands; D. Whitworth and H. Carter unpublished data).
Nest Searches and Monitoring
Obtaining an adequate sample of monitored nests to determine hatching success and
to assess reasons for clutch failures (e.g., Whitworth et al. 2005, 2013) is another important
step in protecting and restoring Scripps’s
Murrelets at Catalina. Under typical weather
conditions, nest searches and monitoring can
be conducted every 10–14 days on the protected and easily accessible shorelines adjacent to the Isthmus Cove and Twin Rocks congregations, and possibly east of Whale Rock
near the Northwest congregation. This interval between nest checks is efficient for monitoring at islands such as Catalina, as it allows
for reliable estimation of hatching success and
timing of breeding and reasonable detection
of clutches depredated soon after egg laying
(Whitworth et al. 2013).
Monitoring a sample of nests in different
habitats and areas at Catalina will help determine impacts of predation, but sample sizes
may be relatively low (5–10 nests per year).
At-sea locations of murrelets in the Isthmus
Cove and Twin Rocks congregations helped us
target shoreline nest searches, leading to discovery of 7 nests in 2012–2013; but limited
time and adverse conditions prevented nest
searches on the northwest coast in both years.
No nests but many potential crevices were
found in 1996 during brief searches on the
northwest coast between Land’s End and Catalina Harbor. However, observations strongly
indicative of murrelet nesting have been consistently noted off the northwest coast, including
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(1) high levels of vocal activity in 1994; (2)
ornithological radar detections of murrelets
flying in and out of cliffs along a 1.6-km section of the coast just south of Eagle Rock in
2000 (Hamer et al. 2005); (3) relatively high
spotlight counts in 2004 and 2012; and (4) two
family groups noted just off Iron Bound Bay
and Lobster Bay during at-sea captures in
2008. Periodic nest searches will be desirable
in additional areas, but it seems unlikely that
regular nest monitoring can be conducted on
the exposed north coastline between Whale
Rock and Arrow Point or on the more remote
south end of the island from China Point to
East End. Isolated congregations occur in these
areas, but nests have yet to be discovered on
the adjacent shoreline.
The lack of suitable nest sites on Bird Rock
in 1991–1996 is puzzling, given the nest record
from 1967 (Hunt et al. 1979). A few suitable
nesting sites may have gone unnoticed in
1991–1996, perhaps hidden among the roots
of the large Opuntia cactus patch on the rock,
or crevices may have been destroyed by frequent human visitation (e.g., Hunt et al. 1979,
Hand 1980). It is also possible that the site of
the original 1967 nest record was mistakenly
identified as Bird Rock (also known as “White
Rock”; Doran 1980), when the nest was actually
found on nearby Ship Rock where many suitable nest crevices occur.
Overall hatching success at Catalina in
2012–2013 was relatively high (75%), but we
did find evidence of mammalian predators
accessing current or potential murrelet nest
sites and preying on murrelet eggs. Apparent
(but not confirmed) rat feces were found in
the rocky scree in nesting areas A and C, and a
mummified fox carcass was found in a small
shoreline cave where murrelet footprints were
also observed. Reliably determining clutch fates
was difficult with just one or 2 nest checks.
Clutch fates for nests 3 and 4 in 2013 were
particularly difficult to interpret. One hatched
egg in nest 3 in May 2013 indicated successful
nesting that year, although single eggs were
found about 0.5 m below nests 3 and 4 in April
2013. Both eggs appeared to have rolled out of
the nests, possibly related to competition for
suitable crevices in the small fissure. Aggressive competition for nest sites resulting in egg
damage and displacement has been observed
recently at nearby Santa Barbara Island (L.
Harvey personal communication).
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Conservation and Restoration
MAMMALIAN PREDATORS.—The chief constraint limiting the breeding population of
Scripps’s Murrelet at Catalina has probably been
the accessibility of many coastal habitats to
mammalian predators (Hunt et al. 1979, 1980).
The Santa Catalina Island fox has been present
on the island for perhaps 6 millennia and is
currently abundant (1502 individuals islandwide in 2012; King et al. 2014) and present
in almost all habitat types. Due to its current
status as a federally endangered species and
California state threatened species, control
measures for foxes are not currently allowed.
Feral cats and rats were likely first introduced on Catalina in the early or mid-19th
century by nonnative peoples visiting the
island for ranching, mining, or hunting purposes. Further introductions probably occurred
later in the 19th century as boat travel increased between Catalina and mainland ports.
Feral cats are recognized predators of adult
Scripps’s Murrelets, and rats prey on murrelet
adults and eggs (McChesney and Tershy 1998,
Nogales et al. 2004, Whitworth et al. 2005,
Jones et al. 2008). Feral cats currently occur in
highest densities in the towns of Avalon and
Two Harbors, and they also are found near
camps along the leeward side, where foodsupplemented individuals range throughout
the Catalina wildlands. The feral cat population was most recently estimated at 600–750
individuals (Guttilla and Stapp 2010). Rat densities are highest near areas of human habitation, but rats have also been detected in more
remote areas. An annual CIC fox trapping effort using Tomahawk traps has captured rats at
widespread locations (J. King unpublished data).
High priority has been given to eradicating introduced mammals on many murrelet
breeding islands in southern California and
Baja California (McChesney and Tershy 1998,
Keitt 2005, Aguirre-Muñoz et al. 2008, Howald
et al. 2009). Eradication of rats at Anacapa
Island in 2001–2002 greatly improved murrelet hatching success in 2003–2010 (Whitworth et al. 2005, 2013), but eradication of cats
and rats at Catalina is not currently feasible.
The primary focus for restoration efforts in the
near future at Catalina should be the local
removal of introduced cats and rats from
Scripps’s Murrelet breeding areas. This action
would have immediate benefits and can be
conducted largely by the CIC. The need to
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avoid creating potential negative impacts on
island fox would severely limit nonnative
predator control measures, but exclusion fencing of small sections of shoreline with breeding murrelets may be possible. More work is
needed to (1) identify nesting habitats being
used by murrelets; (2) consider types, costs,
and efficacy of fencing; and (3) gather baseline
monitoring data on murrelet nests to document current impacts by introduced mammals
and demonstrate improved breeding after local
removals.
The endemic Santa Catalina Island deer
mouse is abundant and widespread. Deer mice
are known predators and scavengers of murrelet eggs at Santa Barbara Island and Anacapa
Island (Schwemm and Martin 2005). Scavenging
of unviable abandoned eggs by deer mice can
be difficult to separate from egg predation,
which typically occurs when viable eggs are
left unattended by adults (Drost and Lewis
1995, Schwemm and Martin 2005, Whitworth
et al. 2013).
OIL POLLUTION.—The potential impacts of
large and small oil spills in congregation waters
near murrelet breeding islands is of great concern (Carter et al. 2000, Burkett et al. 2003).
Long Beach Harbor is the largest oil port in
western North America, with daily arrivals and
departures of large oil tankers (USFWS 2005).
Frequent oil spills occur in the vicinity of Long
Beach Harbor, but most have not affected waters
near Catalina (Carter 2003). Although general
contingency plans for oil spills have been
developed, a more detailed plan is needed for
Catalina that would allow for effective training
and coordination of pre-spill baseline, spillresponse, and post-spill activities among the
CIC, the SCIC, the city of Avalon, and federal
and state wildlife and oil spill response agencies. Spill-response activities that would benefit Scripps’s Murrelets at Catalina include
(1) recovering carcasses of dead murrelets; (2)
capturing live oiled murrelets in congregations
and immediately transporting them to existing
facilities in the Long Beach area for cleaning
and rehabilitation; (3) improving rehabilitation and captive housing techniques for murrelets in the Long Beach area; (4) conducting
post-release studies to evaluate survival and
breeding after rehabilitation; and (5) conducting spotlight surveys during and after the
spill to assess changes in the numbers of murrelets attending congregations.
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BRIGHT LIGHTS.—The potential impacts of
bright lights near murrelet breeding colonies
is another concern because such lights discourage congregation visitation and may result
in nest abandonment, heightened predation,
and collision mortalities (Carter et al. 2000,
Burkett et al. 2003). Direct evidence of impacts from bright lights is not available, but
many owl-depredated murrelets were found at
Santa Barbara Island in 1999 during an unusual period of intense squid fishing with
bright lights near the island (P. Martin unpublished data). Commercial squid fishing boats
frequent Catalina waters and use very bright
lights; but the number and distribution of
these boats varies between years, and no information of their impact on murrelets at Catalina is available. During vocal detection surveys in 1994–1995, squid fishing occurred
mainly in shallow waters off Salta Verde Point
and the Palisades (Fig. 1). Squid fishing was not
noted during spotlight surveys in 2004 but did
occur in shallow waters off China Point and
Ben Weston Point in 2012. More information
is needed on all light sources, baseline light
levels, and possible effects on murrelets around
Catalina. Consultation and cooperation with
the commercial squid fishing fleet may help
avoid impacts from brightly lighted boats near
shore (e.g., establishing voluntary buffer zones
around major breeding and congregation areas
during the murrelet breeding season).
ORGANOCHLORINE POLLUTION.—Extensive
organochlorine pollution in the Southern California Bight greatly affected reproduction of
Brown Pelicans (Pelecanus occidentalis) and
Double-crested Cormorants (Phalacrocorax
auritus), causing major population decline from
the 1940s until the late 1970s (Gress et al.
1973, Gress 1995). The effects of potential pollutants on Scripps’s Murrelets in the Channel
Islands were not examined until 1992 when
pollutant levels in eggs from Santa Barbara
Island were found to be relatively low (U.S. Fish
and Wildlife Service unpublished data). We do
not consider organochlorine pollutants to be
currently having a significant effect on murrelets breeding at Catalina; but past impacts
may have caused reduced reproduction or lower
population size, especially between the 1940s
and 1970s, prior to the end of production and
dumping of DDT in southern California waters.
AVIAN PREDATORS.—Bald Eagle (Haliaeetus leucocephalus), Peregrine Falcon (Falco
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peregrinus), Barn Owl (Tyto alba), and Common Raven (Corvus corax) are the main avian
predators at Catalina. After 2 decades of intensive restoration efforts by the Institute for
Wildlife Studies (IWS), the reestablished Catalina population of Bald Eagles appears to be
self-sustaining, although lingering impacts from
organochlorine pollution still exist. In 2012, 6
nesting pairs and 7 active territories were
documented at Catalina (Sharpe 2013). The
degree of eagle predation on murrelets is not
known, but a few murrelet remains have been
recorded at eagle nests (IWS unpublished
data). Breeding by Peregrine Falcons had not
been recorded at Catalina in recent decades
(like eagles, they were extirpated due to organochlorine pollution; Kiff 1980) until 2013 when
a pair nested on an interior peak west of the
isthmus (IWS unpublished data). Transients or
nonbreeding resident falcons are present at
Catalina year-round and likely prey on murrelets. The falcon nest at Catalina in 2013 was
not successful, but if a breeding population is
fully reestablished on Catalina in the future,
predation on murrelets likely would increase.
Extensive hacking efforts by the Predatory
Bird Research Group at the University of California Santa Cruz have been successful at
other Channel Islands (B. Latta unpublished
data). Scripps’s Murrelet constituted 5% of the
total biomass in peregrine falcon prey remains
examined from breeding territories at San
Miguel, Santa Rosa, Santa Cruz, Anacapa, and
Santa Barbara Islands in 2007 (B. Latta unpublished data). Barn Owls have been observed in
low numbers year-round at widespread locations on Catalina (CIC unpublished data).
Barn Owl impacts on murrelets at Catalina are
unknown, but they are a major predator at
Santa Barbara Island (Drost and Lewis 1995).
Continued efforts to document the distribution, abundance, and impacts of avian predators on Scripps’s Murrelets at Catalina are
needed to assess current predation levels.
Efforts to reduce impacts from avian predators
will not be considered unless new information
indicates unusually high predation.
LOSS OF NESTING HABITAT.—Since the late
19th century, roughly 5% of the Catalina coastline has been altered by development and 2
major rock quarries, mainly on the leeward
shore. Scripps’s Murrelets currently attend a
relatively dense congregation near the north
quarry, but assessing possible impacts of mining
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(or other developments) on murrelets is not
possible because no data exist to indicate the
extent of historical nesting anywhere at
Catalina. More work is needed to (1) collate
historical information on the amount and seriousness of potential habitat loss for later
assessment and (2) investigate possible nesting
in little-used quarries. Efforts to restore lost
breeding habitats are not currently being
considered.
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SPACE USE AND HOME-RANGE SIZE OF BARN
OWLS ON SANTA BARBARA ISLAND
Sarah K. Thomsen1, Caitlin E. Kroeger2,3, Peter H. Bloom4, and A. Laurie Harvey2,5
ABSTRACT.—Spatial overlap between predators and prey is often a key component of predator-prey interactions.
Barn Owls (Tyto alba) are important predators of some species of conservation concern on the Channel Islands in southern California; therefore, understanding patterns of owl space use on these islands could provide insights on variations
in predation risk that may be useful for conservation efforts of Barn Owl prey. In this study, our objectives were to investigate home-range size and space use by individual owls on Santa Barbara Island, which at 2.6 km2 is the smallest island
within the Channel Islands National Park. Specifically, we were interested in owl space use in relation to the spatial distribution of owl prey, in particular the state-listed Threatened Scripps’s Murrelet (Synthliboramphus scrippsi)—a small
nocturnal seabird whose largest breeding colony in California is on this island and whose nesting habitat is strictly along
the island’s perimeter. In contrast, the distribution of the Barn Owl’s primary prey, deer mice, includes both murrelet
habitat and the island interior. We therefore conducted a radiotelemetry study of Barn Owls in combination with a novel
technique of applying colored reflective tape to colored plastic leg bands to aid in the identification of individual owls at
night. Home-range size estimates for 3 owls were 0.02–0.53 km2 using the 100% minimum convex polygon method and
were 0.06–1.12 km2 using a fixed-kernel method. Owl resight locations for 8 marked individuals were no farther than
1.24 km apart, which suggests that owl home ranges do not generally encompass the entire island. Nocturnal observations of owls also tended to be not far from their diurnal roost sites, which were located close to the edges of the island
and near murrelet nesting habitat. This spatial overlap suggests there may be patchiness in predation risk for the owls’
seabird and rodent prey in relation to proximity to owl roosts.
RESUMEN.—La superposición espacial entre depredadores y presas es a menudo un componente clave en las interacciones depredador-presa. La lechuza común (Tyto alba) es un depredador importante de algunas especies cuya conservación es preocupante en las Islas del Canal en el sur de California; por lo tanto, el comprender los patrones de uso
de espacio de la lechuza en esas islas puede proporcionar información sobre las variantes en el riesgo de depredación
que podrían ser útiles para los esfuerzos por conservar sus presas. En este estudio, nuestro objetivo fue investigar el
tamaño del territorio y el uso del espacio por individuos de lechuzas en la Isla Santa Bárbara, la isla más pequeña del
Parque Nacional de las Islas del Canal, con sólo 2.6 km2. Específicamente, nos interesaba el uso de espacio de la lechuza
en relación con la distribución espacial de su presa, en particular el mérgulo de Scripp (Synthliboramphus scrippsi),
clasificado en peligro de extinción, una pequeña ave marina nocturna cuya principal colonia de reproducción en California está en esta isla, y cuyo hábitat de anidación se encuentra estrictamente en perímetro de la isla. En contraste, la distribución de una de las principales presas de las lechuzas, los ratones ciervo, incluye tanto el hábitat del mérgulo como
el interior de la isla. Por lo tanto, realizamos un estudio de radiotelemetría de la lechuza común en combinación con una
nueva técnica, donde aplicamos cinta de color reflectante a las anillas de plástico de colores de sus patas para ayudar en
la identificación de lechuzas individuales de noche. Se estima que el tamaño del territorio de 3 lechuzas era de
0.02–0.53 km2, usando el método del 100% mínimo de polígono convexo, comparado con los 0.06–1.12 km2 usando el
método de núcleo fijo. La localización de los nuevos avistamientos de lechuzas para 8 individuos marcados estaba separada por no más de 1.24 km, lo cual sugiere que los territorios de las lechuzas no comprenden generalmente la totalidad
de la isla. En las observaciones nocturnas, las lechuzas no estaban lejos de sus lugares de asentamiento diurno, los
cuales estaban situados cerca de los límites de la isla y cerca del hábitat de anidación del mérgulo. Esta superposición
espacial sugiere que podría haber heterogeneidad espacial en el riesgo de depredación para el ave marina y el roedor en
relación a la proximidad al asentamiento de la lechuza.

Barn Owls (Tyto alba) are found on all 8
of the Channel Islands in southern California; however, these island populations have
been poorly studied. Most research has been
limited to diet studies and either roadside or

trail surveys to detect owl presence/absence
or relative abundance on a few of the islands
(Rudolph 1970, Drost and Fellers 1991, Condon et al. 2005). But even these few studies
suggest that Barn Owls could play a crucial
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role as top predators in island ecosystems,
particularly on smaller islands that provide
critical habitat for rare and endemic species
and have few alternative prey types. For
example, there is a resident breeding population on Santa Barbara Island, and up to 25 or
more owls have been counted on trail surveys,
which represents an unusually high density
for a 2.6-km2 island (Drost and Fellers 1991).
These owls are also known to consume atypical prey items, due in part to the limited
variety of available prey on this island. This variety includes the only extant species of rodent, the island endemic subspecies of deer
mouse Peromyscus maniculatus elusus, as well
as the endemic island night lizard Xantusia
riversiana (Fellers and Drost 1991) and small
nocturnal seabirds such as the state-listed
Threatened Scripps’s Murrelet (Synthliboramphus scrippsi; (Drost and Lewis 1995).
For the murrelet, whose largest breeding
colony in the United States is on Santa Barbara Island, predation by owls, along with egg
predation by deer mice, has been suggested as
being a contributing factor in an apparent
population decline of murrelets on the island
(Burkett et al. 2003, Millus et al. 2007). Therefore, understanding the space use of owls can
potentially provide key insights into the patterns of predation risk that murrelets face.
This is because the degree of spatial overlap
between predators and prey may determine
encounter rates and, therefore, predation rates
(Sih 2005). However, there have been few published studies on the spatial ecology of Barn
Owls, and the implications of those studies are
uncertain for the island. For instance, a single
Barn Owl can have a typical foraging range
substantially larger than the size of the entire
island (up to 31.74 km2; Hegdal and Blaskiewicz 1984); and with little evidence of territoriality (Marti et al. 2005), it is possible that
the home ranges of all the owls could overlap
and encompass the entire island. However,
home-range size of Barn Owls can vary considerably between individuals and locations,
and owls may not use all areas of their range
equally (Marti et al. 2005).
If this heterogeneity in owl space use exists
on the island, even relatively fine-scale differences could be important for their prey. For
example, although mice are found throughout
the island (Collins et al. 1979), the patchily distributed boxthorn shrubs (Lycium californicum)
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provide important habitat for night lizards
(Fellers and Drost 1991); and most strikingly,
murrelet nesting habitat is entirely limited to the
rugged periphery of the island’s sea cliffs (Drost
and Lewis 1995). For this study, we were particularly interested in the space use of owls
during the murrelet breeding season in relation
to these patterns in the spatial distribution of
their potential prey. To investigate this, we
tested a novel, inexpensive marking technique
of applying colored reflective tape to colored
plastic leg bands on owls, in combination with
a pilot radiotelemetry study, to provide the first
information on home-range size and space use
of Barn Owls on Santa Barbara Island.
METHODS
Study Site
Santa Barbara Island (33° 29 N, 119° 02 W)
is the smallest of 5 islands comprising the
Channel Islands National Park. The island is
located about 63 km offshore and 39 km from
Santa Catalina Island, its closest neighbor. The
shoreline consists primarily of sheer cliffs
and steep slopes, rising up to the 2 tallest
peaks at 193 m and 171 m above sea level. The
interior of the island is a gently sloping terrace covered mostly by nonnative grassland
(e.g., Avena spp., Bromus spp., and Hordeum
spp.) and patches of low-growing native shrubs
(e.g., Leptosyne gigantea, Eriogonum giganteum var. compactum, Constancea nevinii, and
Lycium californicum) and cacti (Opuntia spp.;
Junak et al. 1993). Five small canyons are cut
into the south and east sides of the island. The
canyons, sea cliffs, and steeply sloping edges
of the island have served as refugia for native
plants and shrubs after the conversion of the
island interior to farmland by the 1920s, from
which the vegetation has yet to recover (Halvorson et al. 1988). Currently, there are ~7.5
km of hiking trails and a small campground in
the northeast (Fig. 1).
Barn Owl Capture, Marking, and
Radio-Transmitter Attachment
We captured adult Barn Owls on the island
using verbail traps (Stewart et al. 1945, Bloom
et al. 2007) between August 2010 and September 2011. All trapping efforts took place on
nights with winds <10 knots and no fog, precipitation, or excessive dew. We set 2–7 verbail traps along the hiking trails with 10–50 m
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Fig. 1. Home ranges of 6 Barn Owls on Santa Barbara Island during 2011–2012 using the 100% minimum convex
polygon (MCP) method. Solid lines represent home ranges. Black: home-range size estimate was calculated. Gray: no
home-range size estimate was calculated. Dashed lines indicate hiking trails, and the star illustrates the location of the
campground.

between traps. Most of our trapping effort
took place on the trails just east of the center
of the island and to a lesser extent, in the
southwestern part of the island by the cliff
edges or near the canyon closest to the campground in the northeast. We set traps after dusk

and then continued until dawn unless weather
conditions deteriorated. Once set, traps were
continuously monitored either visually with
night vision goggles (Morovison PVS-7 Gen 3
Monocular) or with trap transmitters and a
receiver (Communication Specialists, Inc) so
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that we could respond immediately to retrieve
captured owls for processing.
Captured owls were placed inside bird bags
and weighed to the nearest gram with a 600-g
Pesola scale. They were then banded with an
aluminum USGS lock-on band as well as
color-banded with unique color combinations
using one Darvic plastic band on the right
and left legs. Matching colored reflective tape
was also applied to the color bands to enhance
visibility at night and aid in identification of
individuals (Allison and DeStafono 2006). We
used only reflective tape colors (orange, yellow, red, blue, white, and green) that were
clearly identifiable at night as unique color
combinations.
Owls captured during February–May 2011
were also fitted with VHF radio-transmitters
(Lotek Pip Ag357; 4.5 g) attached using a legloop harness (Rappole and Tipton 1991) made
of 0.25-inch (0.63-cm) Teflon ribbon (Bally
Ribbon Mills, Bally, PN). Harnesses were fit
using an allometric function (Naef-Daenzer
2007) and fastened with dental floss and
cyanoacrylate glue (Steenhof et al. 2006). This
attachment technique is preferable to a backpack design because it leaves the wings free
and has been used successfully with Barn
Owls (Almasi et al. 2013). The radio-transmitter
and harness together weighed approximately
5.5 g, which is <1.5% of the body mass of the
smallest owl captured (380 g) and well below
the 3% limit required by the USGS Bird
Banding Lab. We did not attempt to determine sex in the field; however, tissue samples
for most owls will be archived with the Santa
Barbara Museum of Natural History so that
molecular determination of sex may still be
possible. We also could not be certain of breeding status at capture or during surveys because
Barn Owls are capable of breeding nearly
year-round in southern California (Bloom unpublished data).
Radiotelemetry and Resighting Surveys
Radiotelemetry surveys were conducted
by having one or 2 observers hike along the
island trails and cliff edges at night using
handheld 3-element Yagi antennas and portable
lightweight receivers (Advanced Telemetry
Systems R410). We were able to maintain
broader spatial coverage of the island during
most surveys by having 2 observers divide
the island approximately in half between the
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north and south. During a survey, receivers
were set to scan through all frequencies; and
each time a signal from a radio-tagged owl
was detected, we recorded the observer’s
location with a handheld GPS unit (Garmin
GPSmap 78) and the direction of the radio
signal (compass degrees). For this study, we
report only results from visually confirmed
locations of owls rather than from the relatively error-prone locations obtained from
nonsimultaneous compass bearings (Schmutz
and White 1990). To get accurate locations
on radio-marked owls, we used the homing
technique, which involved continuous hiking
toward the location where the signal was
strongest until a visual sighting confirmed the
location of the owl (Mech 1983). After a
resight location was recorded with the GPS,
we attempted to maintain continuous tracking
of a single individual from a distance for at
least an hour before obtaining subsequent
resight locations from that individual. We
selected this time period to reduce temporal
autocorrelation in the data while still maintaining “biological independence” (sensu Lair
1987), assuming one hour would be plenty
of time for an owl to travel throughout its
potential home range.
We spent 98.25 person-hours radio-tracking at night, of which 64 hours were from
March to April 2011. These months are the
peak of the murrelet breeding season, so
during this time period, surveys were generally conducted 1–3 times per week. Weather
and logistical constraints delayed deployment
of 2 radio-transmitters until May 2011, and 2
more owls were color-banded without radiotransmitters in September 2011. Therefore,
the remaining hours of radio-tracking took
place sporadically during May–September
2011. All radio-tracking was done between
19:00 and 05:00. We also included a small
number of locations obtained from incidental
observations that occurred during other fieldwork at night through September 2012 to
increase our sample size of sightings for
individual owls. We did not survey on nights
with sustained winds exceeding 20 knots or
if there was rain.
Data Analysis
The GPS coordinates of owl resight locations were brought into ArcGIS 10.1 (Environmental Systems Research Institute Inc.,
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TABLE 1. Home-range size (km2) for Barn Owls on Santa Barbara Island, California.
KDEc
_______________________
Owl
1
2
3
4
5
6
7
8

Date captured
Feb 2011
Aug 2010
Mar 2011
May 2011
May 2011
Sept 2011
Feb 2011
Sept 2011

Marking

techniquea

CB, RT
CB
CB, RT
CB, RT
CB, RT
CB
CB
CB

n

Distanceb

90%

50%

MCPd

33
27
21
7
7
6
4
3

1.07
1.02
0.47
1.01
0.88
1.24
0.04
0.27

1.12
0.46
0.06
—
—
—
—
—

0.35
0.09
0.02
—
—
—
—
—

0.53
0.31
0.02
—
—
—
—
—

aCB = color banded, RT = radio-tagged
bMaximum distance (km) between resight locations
cFixed kernel density method with bandwidth selected by LSCV, 90% and 50% isopleths
d100% minimum convex polygon method

Redlands, CA) for characterization of space
use and estimation of home-range size. We
used the Geospatial Modeling Environment
extension (GME; Beyer 2012) to create home
ranges with the 100% minimum convex polygon (MCP) method, as well as with a fixedkernel method with the bandwidth selected
by least squares cross validation (Seaman and
Powell 1996). We also measured the Euclidean distances between all pairs of points for
individual owls to get the farthest distances
between resight locations. For visualization
purposes, we created 100% minimum convex
polygons for all owls with >5 resight locations. Area-observation curves were then
plotted for each of those owls and visually
inspected for asymptotes, which indicate
whether the number of locations is sufficient
for unbiased estimates of home-range size
(Odum and Kuenzler 1955).
If the number of locations was adequate,
we then calculated home-range size estimates
with the GME extension using the 100% MCP
method, as well as with the 90% and 50% isopleths of the utilization distribution from the
fixed-kernel method. These 2 isopleths have
been recommended as an appropriate range
for producing reliable home-range estimates
with as few as 10 locations (Börger et al. 2006),
with the smaller isopleth representing the
“core areas” of space use. Although use of the
minimum convex polygon method has long
been criticized for its biologically unreasonable assumptions, in particular its sensitivity
to outliers (White and Garrott 1990), it remains
one of the most commonly reported metrics of
home-range size. Therefore, we also include
it here. We used these metrics to facilitate
comparisons with other studies.

RESULTS
We captured and banded 11 adult Barn Owls
between August 2010 and September 2011. All
owls were given unique combinations of colored
reflective tape on their color bands, and 5 of
them also had radio-transmitters attached. We
obtained a total of 108 resight locations (mean
number of locations per owl = 13.5, SE 4.14)
between August 2010 and September 2012
from 8 of those owls (Table 1). Area-observation
curves reached asymptotes for only 3 owls.
Home-range size estimates using the 100%
minimum convex polygon method for these 3
owls were 0.53 km2, 0.02 km2, and 0.31 km2
(Fig. 1). In contrast, home-range estimates with
the 90% isopleth of the utilization distribution
from the fixed-kernel method were larger: 1.12
km2, 0.06 km2, and 0.46 km2, respectively. The
maximum distance between subsequent resight
locations for individual owls ranged from 40 m
to 1.24 km (Table 1). In addition, resights for
these 3 owls tended to be clustered by their
respective primary diurnal roost sites, which
is shown by the 50% isopleths of their utilization distributions (Fig. 2).
Of the remaining 5 owls for which we
obtained few observations, one was recovered
dead on the island 4 months after capture,
although the cause of death could not be
determined. One owl banded in September
2011 was subsequently observed by a roost
site in August 2012 after having been seen
only once prior. The radio signal of one owl
disappeared shortly after transmitter deployment in February 2011, and the owl was
never resighted. The last 2 owls were never
seen more than once after capture and have
not been recovered dead.
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Fig. 2. Space use of Barn Owls on Santa Barbara Island during 2011–2012 and island topography at 10-m contour
intervals. Points represent locations where marked owls were observed. Solid, thick gray lines represent the 50% isopleth of the utilization distribution for 3 individual owls. Isopleths were generated using the fixed-kernel method.
Arrows point toward the approximate location of the primary diurnal roost site for each of the 3 owls.

DISCUSSION
Despite the island’s small size, the estimated
home-range size (100% MCP) of 3 owls ranged
from a mere 0.02 km2 to 0.53 km2. Although
few comparable studies have been published,
these data represent some of the smallest homerange estimates yet reported for Barn Owls,
though a similarly small home range of 0.2 km2

was found for one individual owl tracked for
33 days in New Jersey (100% MCP; Hegdal
and Blaskiewicz 1984). Although we were able
to estimate home-range size for only 3 owls,
we would have expected that if island-wide
movements were frequent, we would have
detected them during our surveys for any of
the 11 marked owls. Barn Owls are capable
of flight speeds up to 80 km ⋅ h–1 (Bunn et al.
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1982), and individuals could have easily circumnavigated the island in just a few minutes
and possibly been resighted by both observers located in distant parts of the island.
Instead, the farthest distance between resight
locations was only 1.24 km, and for some
owls this distance was far less (Table 1). This
suggests that owls had home ranges that did
not encompass the entire island, at least
during our study.
We also found that for individual owls, the
areas of concentrated use represented by
the 50% isopleths tended to be near their
respective diurnal roost sites (Fig. 2). This
behavior is not unusual for Barn Owls (Taylor
2003); however, for the island, this also means
more extensive use of cliff habitat than we
had expected. The owl with the smallest home
range is notable in that even though all resight
locations were close to the top of the highest
cliff in the southwestern part of the island
(Fig. 2), the radio signal was frequently moving
along the cliffs below us where we could not
hike down to resight the owl’s location more
precisely. This observation indicates a spatial
overlap with nocturnal seabirds that nest in
these areas and also suggests possible patchiness in predation risk related to proximity to
owl roost sites. Because we also found that owls
seemed to have overlapping home ranges in
the northeastern part of the island (Fig. 1), the
resultant high concentration of owls could
potentially lead to areas of high predation risk
for owl prey.
These patterns suggested by our results
(e.g., small home ranges and concentrated use
by roost sites) may have been influenced by
other biotic and abiotic conditions on the
island during our study. First, variations in
home-range size for raptors may be related
to prey densities (Peery 2000), and indeed,
the peak densities of deer mice recorded on
Santa Barbara Island are among the highest
recorded (Drost and Fellers 1991). Mouse
population densities were very high throughout 2011 on Santa Barbara Island (NPS unpublished data), and mice composed an overwhelming majority of prey items consumed by
Barn Owls that year (Thomsen et al. in preparation). Thus, these high densities of mice
may have been related to the apparently small
home ranges we found. Second, although perhaps less important, another potential factor is
the high winds that the island experienced at
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night during our study. We did not collect data
on nights with sustained winds higher than 20
knots; but on windier nights, there were wind
gusts of >50 knots during March–April 2011
(data from Western Regional Climate Center,
http://www.wrcc.dri.edu). Wind speed can
influence space use and hunting strategy of
avian predators (Gilchrist et al. 1998) and in
this case could lead to owls spending more
time in wind-protected areas of the island.
However, because we did not survey on the
windiest nights, we do not think that owl movements would have been limited during our
surveys. Unfortunately, our sample sizes were
not large enough to fully examine either of
these possibilities.
The disappearance of 3 owls without a
known cause reduced our already low sample
size. Barn Owls are known to disperse to oceanic
islands much farther than the distances from
the mainland to any of the Channel Islands
(Lees and Gilroy 2014), so dispersal away from
the island cannot be entirely ruled out as a
reason for the disappearances. However, Barn
Owls in southern California are known to have
relatively short dispersal distances compared
to those in other parts of North America
(Langdon 2007, Bloom unpublished data). In
addition, 3 of the radio-marked owls have
been recovered dead on the island since
completion of this study, and all were found
within the home ranges originally identified
by our radio-tracking study. Exact causes of
death could not be determined for these or
for several other unmarked owls recovered
dead during the same time period, but Barn
Owls are relatively short-lived raptors (Marti
et al. 2005) and are known to decline steeply
in abundance in relation to cyclic population
declines of their main prey, deer mice (Drost
and Fellers 1991). This mortality does not
appear to be unusual, but future studies should
consider this attrition of sample size as part
of their research design.
Despite the challenges, we were still able to
obtain valuable information that will be useful
for future studies of Barn Owls on Santa Barbara Island. The use of radiotelemetry was critical, as resights of owls without radiotelemetry
were rare despite many hours of searching.
This rarity is not surprising considering that
raptors are difficult to survey, and owls in particular have low detectability (Anderson 2007,
Kissling et al. 2010). Nonetheless, for our study,
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the use of reflective tape allowed us to collect
sightings on some owls long after their radiotransmitters failed and on additional owls that
were never radio-tagged. We therefore recommend that future studies use radiotelemetry or
GPS data loggers as the primary method of
obtaining data on home-range sizes and space
use of owls on small islands. Colored reflective
tape may also be used as a useful and inexpensive additional technique. We further suggest
that future studies consider whether homerange size for individual owls varies over the
mouse-population cycle and in different habitats of the island. These data would increase our
understanding of the changing landscape of predation risk to species of conservation concern
on the island. The results from such studies on
the island would be important in an applied
conservation context and also would have
broader implications for the spatial ecology of
predator-prey interactions.
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THE IMPLICATIONS OF INCREASED BODY SIZE IN THE
SONG SPARROWS OF THE CALIFORNIA ISLANDS
Raymond M. Danner1,2, Russell Greenberg1,3, and T. Scott Sillett1
ABSTRACT.—We investigated morphological divergence between mainland and California Island populations of the
Song Sparrow (Melospiza melodia). Body size in small terrestrial vertebrates has been hypothesized to be larger in
island forms than in their mainland relatives. Previously, we established that although bill size in island populations was
similar to that in mainland populations with similar climate, bill-size dimorphism averaged much greater on the islands.
In this paper, we compare various measures of structural body size and body mass between the California Islands and
the mainland. We found that average body mass is over 10% higher in island Song Sparrows than in comparable mainland populations. However, a lack of commensurate structural body size suggests that body condition might be better in
island Song Sparrows. This higher size-corrected mass may be explained by the dominance hypothesis, greater food
availability and/or reduced competition, or adaptive mass regulation in the face of reduced predation pressure on adults.
Both greater sexual bill dimorphism and greater body mass suggest reduced competition for food for the island Song
Sparrow: a possibility that invites further investigation.
RESUMEN.—Investigamos las divergencias morfológicas entre las poblaciones de la península y de las Islas de California del gorrión (Melospiza melodia). Se tenía la hipótesis de que el tamaño corporal de vertebrados pequeños terrestres era más grande en los individuos de las islas que el de sus parientes en la península. Con anterioridad, habíamos
establecido que mientras el tamaño del pico era similar a los de poblaciones en la península con climas similares, el
dimorfismo del tamaño del pico era mayor en las islas. En este informe, comparamos varias medidas del tamaño de la
estructura y la masa corporal entre las Islas de California y la península. Encontramos que el promedio de masa corporal
es más de un 10% superior en el gorrión de las islas en comparación con las poblaciones de la península. Sin embargo,
una falta de proporcionalidad en la estructura del tamaño corporal sugiere que la condición corporal podría ser mejor en
los gorriones de la isla. Este tamaño mayor (corregido por la talla) puede explicarse a través de la hipótesis de dominancia, mayor disponibilidad de comida y/o menor competencia, o regulación corporal adaptable ante una presión de
depredación menor en los individuos adultos. Ambos factores, mayor dimorfismo sexual de pico y mayor masa corporal
sugiere una menor competencia por la comida entre los gorriones de la isla, posibilidad que invita a más investigaciones.

Since Darwin (1859) and Wallace (1869),
islands have been viewed as laboratories for
studying ecological and evolutionary processes
(Lack 1945, Grant 1965, MacArthur and Wilson
1967, Losos 1990). Islands are small, isolated,
and relatively simple systems for studying the
interaction of history, natural selection, and
stochastic processes for shaping adaptation in
single populations, development of faunal
assemblages, and evolution of adaptive radiations. Evolutionary biologists have often focused
on the factors that favor morphological divergence of island forms from mainland forms,
either in size or shape (Grant 1965, Lomolino
1985, Maiorana 1990, Clegg and Owens 2002).
Most studies of morphological divergence
and diversification on islands have focused on
potential ecological drivers, particularly predation, variation in habitat and food resources,

and the balance between intra- and interspecific competition. These studies often focus
on body size—and in birds, bill size. Among
birds, decreased interspecific competition for
food could select for increased body and bill
size because larger size in these features is
thought to be favored for a dietary generalist
(Scott et al. 2003). Similarly, increased intraspecific competition due to higher density
may also select for larger body and bill size
(Clegg and Owens 2002). Decreased interspecific competition could select for increased
diet breadth within a species, which could
further select for distinct ecological morphs
(Smith 1990) or divergence between the sexes
(Selander 1966). Reduced need to disperse
large distances and reduced risk of predation
could allow body size to increase. The possible
role of climate in shaping divergent adaptive

1Migratory Bird Center, Smithsonian Conservation Biology Institute, National Zoological Park, Washington, DC 20008.
2E-mail: danner.ray@gmail.com
3Deceased.
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morphology has been discussed in terms of
optimization of body size for reasons of energetic or temperature regulation once the constraints of competition are relaxed (Maiorana
1990, Scott et al. 2003, Greenberg et al. 2012,
Greenberg and Danner 2013; but see Meiri et
al. 2005, Raia et al. 2010). In North America,
birds of the California Islands have been
studied from a biogeographical perspective
(e.g., as a test for island biogeography equilibrium theory; Jones and Diamond 1976),
but very little has been done on the factors
that promote morphological divergence (but
see Johnson 1972, Power 1983).
The Song Sparrows (Melospiza melodia) of
the California Islands comprise an excellent
system for investigating intraspecific divergence. This sparrow is a widely distributed
and highly polytypic species of North American songbird that breeds or has bred on San
Miguel, Santa Rosa, Santa Cruz, Anacapa
(recent colonist), Santa Barbara (extinct), San
Clemente (extinct), and at least 2 of the 4
Coronados (extinct) Islands. These populations
showed sufficient variation in plumage, size,
and shape to justify the recognition of up to
4 distinct subspecies, 2 of which are extinct.
However, this variation does not rise to the
level of diagnosable specific units, and a recent
treatment has lumped them into a single subspecies (M. m. graminea; Patten and Pruett
2009). Nevertheless, California Island Song
Sparrows show consistent plumage differences
(Patten and Pruett 2009) and a greater level of
mtDNA divergence from mainland song sparrows than is found among most populations of
this widely distributed species (Wilson 2008).
The purpose of this paper is to examine
divergence in body size in the Song Sparrow
and relate this to already described patterns in
bill morphology (Greenberg and Danner 2012,
2013). In so doing, we hope to further develop
hypotheses for the ecological forces that shape
island adaptations in this geographically variable species. We investigate size-corrected
differences in body mass, which has not been
studied in island song birds, and differences in
structural size. Specifically, we aim to determine if body-size divergence is a result of
plasticity or selection and ultimately if this
divergence is a response to resource availability, competition, or predation. Although this
observational study cannot establish cause
and effect, we interpret divergence mainly in
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size-corrected mass as support for plasticity
because the sizes of fat stores and muscle are
known to change within individual birds
(including in Melospiza sparrows) in response
to climate (Danner 2012, Danner et al. 2013).
In contrast, divergence mainly in structural
sizes may support selection or plasticity.
METHODS
Body Mass
We obtained weight data for California
Song Sparrows from banding stations (particularly those participating in the Monitoring
Avian Productivity and Survivorship, or MAPS,
program; DeSante 1992), the Museum of
Vertebrate Zoology, the San Diego Museum
of Natural History, and the San Bernardino
County Museum, with smaller amounts of
data from other museums. We amassed a
sample size of 16,700 weights for Song Sparrows taken primarily during the breeding
season, and the sheer size of the sample
should dampen sampling variation. Of the
16,700 total weights, 6264 had data on sex
and were in the age categories appropriate for
analysis. Age classification follows the MAPS
protocol (DeSante 1992). We collapsed the
categories for hatching-year bird (excluding
fledglings and juveniles) and after-hatchingyear bird to “first year” and second-year and
adult to “adult.” We analyzed 4087 weights
from Northern California, 2067 from Southern
California, and 141 from islands, totaling 6295.
Island weights were from Santa Cruz (82),
Santa Rosa (24), San Miguel (34), and San
Clemente (1) islands.
Specimen Measurement
Bill, tarsus, and wing measurements were
taken from 1488 museum study skins by Russell Greenberg (data archived at http://national
zoo.si.edu/scbi/migratorybirds/research/data/).
Bill length (BL), depth (BD), and width (BW)
were measured at the anterior edge of the
nares with digital calipers (0.01-mm precision).
Tarsometatarsus length was measured from
the joint of tibiotarsus and tarsometatarsus to
the last complete scute before the articulation
of the hallux. Collection locality, date, sex,
weight, and age were recorded from the specimen tag. Bill measurements were converted to
an estimate of surface area of the distal portion
of the bill using the formula for the lateral
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Fig. 1. Frequency of Song Sparrow specimens collected: A, over time; B, by island. Data courtesy of Paul Collins.

surface area of a nearly circular elliptical
cone: [(BW + BD)/4] * BL * π . A principal
component analysis (PCA) was conducted on
bill size, tarsus length, and wing chord; and
the first axis was used as an indicator of body
size (the factor loadings were 0.78 for both
tarsus length and wing chord; the first factor
explained 63.5% of the total variance). Specimens were obtained from U.S. museum collections from 3 regions: (1) the California
Islands (Channel and Coronado Islands, n =
462); (2) the Pacific coast to the outer and
inner Coast Ranges and the Central Valley of
Northern California (35.1°–38.8° N, n = 481);
and (3) the Pacific coast, Coast Range, and
interior valleys and deserts of Southern California (32°–35° N, n = 480). Available specimens tended to be old (Fig. 1a), averaging 90
years since collection. The specimens were
not evenly distributed across the islands that
have or had breeding populations (Fig. 1b). In
fact, no museum specimen exists for Anacapa
Island, which is thought to have been colonized in the past decade.

Collection date was first assigned a number
between 1 and 365, with year beginning on 16
August—the approximate end of the breeding
season. Date was transformed twice. First we
created the variable dt in radians using the
formula
date .
dt = 2π ____
365
We then transformed dt as cos(dt) and sin(dt).
The 2 terms cos(dt) and sin(dt) together comprise a single oscillating date effect that forces
the predicted value for bill size to be equivalent at date = 0 and date = 365 (Zar 1999).
Because sin(dt) accounted for substantial
variation in nearly all models but cos(dt)
explained almost no variation and was not significant in any model, we dropped the cos(dt)
term from the analyses to economize on parameters used to describe date.
Analyses
We considered the following morphological
variables in our analyses: body mass, body
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mass dimorphism, wing chord, wing chord
dimorphism, tarsus length, and tarsus length
dimorphism. First, we graphically present the
mean and 95% confidence intervals for these
variables for 4 data subsets: (1) the complete
sample (California 32°–36° N, excluding the
Sonoran Desert), (2) Southern California (32°
–34° N), (3) coastal Southern California (<5 km
from coast), and (4) the California Islands. Percent sexual size dimorphism was quantified by
[(male size/female size) – 1] * 100, and the
confidence interval was derived based on
Fieller’s Theorem (Fieller 1954). Second, we
used model selection based on the corrected
Akaike information criteria (AICc, Burnham
and Anderson 2002) to determine if mainland
or island origin was important for explaining
either morphological variation or sexual dimorphism. For each morphological variable, we
compared 4 explanatory models: (1) a null
model (“Null,” sex + sin[dt] + size PCA), (2) a
simple geographic model (“Geography,” sex +
sin[dt] + size PCA + latitude + distance from
coast + [distance from coast]2), (3) the geographic model with island/mainland origin
(“Island”), and (4) the geographic model with
an interaction between island/mainland origin
and sex (“Island * Sex”), which could be considered the full or saturated model. All models
were built in the General Linear Models
module of Statistica (Version 10; Statsoft, Inc.
2011) using both categorical (island/mainland
origin, sex) and continuous variables (size PCA,
sin[dt], latitude, distance). We present regression statistics from the top model in which they
were included. Diagnostics based on residual
plots were conducted on the top models to
ensure that they conformed to the assumptions of normally distributed errors, linearity,
and homoscedasticity.
Body mass difference could result from
structural (skeletal) features or the condition
of the bird (muscle mass and fat). To determine the relative contribution of these 2 sources
of variation, we used data from 204 museum
skins for which we had measurements and
mass data and then modeled body mass using
the 4 models described above.
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phism in mass, compared to mainland birds.
The geographic model with island/mainland
origin (Island model) had a high model weight
(>0.99) when compared to the Geography
model and the Null model (Table 1). Variation
in mean mass was found among island samples, but sparrows from the 3 islands for which
we had mass data were heavier than mainland
birds (19.25 g, CI 18.91–19.59), ranging from
20.66 g (21.61–22.80) for Santa Cruz and 21.76
g (21.26–22.25) for San Miguel to 22.08 g
(21.61–22.80) for Santa Rosa. Mainland and
Southern California samples showed 6.0% dimorphism, whereas the south coastal mainland
showed 3.5% and the islands only 3.2% dimorphism. The Island model, compared to the
Island * Sex and Null models, garnered nearly
100% of the total model weight (Table 1).
Body Mass versus Structural Size

RESULTS

Our sample of museum skins with weight
data showed the same larger average body mass
as the sample of birds from banding stations
(Fig. 3a). Though the PCA size factor was larger
on the islands than on the mainland (Fig. 3b),
the average residual of the PCA/mass regression
(Fig. 3c) indicates that greater size-corrected
body mass, an index of body condition, is the
biggest difference between the island and mainland. This result is supported by the evaluation of our linear models. We modeled body
mass of museum skins using the first principal
component of bill size, tarsus length, and wing
chord as an independent variable to control
for structural size. Body mass is generally
higher for a similar PCA score on the islands
(n = 60) versus the mainland (n = 154). The
Island model received over 99% of the model
support and was 2.7 * 104 more likely (based
on the evidence ratio of model weights) than the
Geography model with the size PCA factor alone
(Table 1). The Island * Sex interaction model
received no support, indicating that the increase
in size-corrected body mass on the islands was
not related to sex. The standardized partial
regression coefficient for island/mainland
origin (0.513) was over twice as large as the
next largest (Table 2), further indicating that
island/mainland origin is an important variable
in predicting body mass.

Body Mass

Wing Chord and Tarsus Length

California Island Song Sparrows had a substantially greater mass (Fig. 2a), but not dimor-

Variation in wing chord and tarsus length
showed no clear patterns with geography
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Fig. 2. Morphological measurements of Song Sparrows
from the California Islands and selected mainland regions
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Southern California): A, body mass; B, wing chord;
C, tarsus length.
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Fig. 3. Island versus mainland differences in Song
Sparrows: A, mass; B, structural size (PCA Factor 1);
C, residual mass.
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TABLE 1. Ranked models that describe geographic variation in morphological features. Model name (variables
described in Methods), log of the maximum likelihood (logL), number of parameters (k), AICc, ΔAICc, and model
weights (wi ) are shown for the top 3 models.
Morphological feature

Model

Body mass

Island
Geography
Null
Island
Island * Sex
Null
Island
Geography
Null
Geography
Island
Null
Geography
Island
Null
Geography
Island
Null
Island
Island * Sex
Null

Body mass dimorphism
Size-corrected body mass
(museum skins)
Wing chord
Wing chord dimorphism
Tarsus
Tarsus dimorphism

logL

k

AICc

ΔAICc

–10305.49
–10319.63
–10336.40
–10283.77
–10305.49
–10336.40
–52.68
–63.99
–90.34
–1464.82
–1464.84
–1562.75
–1464.82
–1464.84
–1562.75
349.16
349.97
320.21
349.97
350.90
320.21

8
7
3
8
7
3
8
7
4
7
8
3
8
9
3
7
8
3
8
9
3

20627.01
20653.28
20678.81
20583.56
20625.00
20678.81
122.11
142.54
188.89
2943.72
2945.78
3131.51
2945.75
2947.81
3131.51
–684.23
–683.84
–634.40
–683.84
–683.68
–634.40

0.00
26.27
51.80
0.00
41.44
95.25
0.00
20.43
66.77
0.00
2.06
187.79
0.00
2.06
185.76
0.00
0.39
49.83
0.00
0.16
49.44

wi
0.99
1.97 * 10–6
5.64 * 10–12
1.00
1.00 * 10–9
2.07 * 10–21
1.00
3.66 * 10–5
3.16 * 10–15
0.74
0.26
1.23 * 10–41
0.74
0.26
3.39 * 10–41
0.55
0.45
8.30 * 10–12
0.52
0.48
9.57 * 10–12

TABLE 2. Regression statistics for models describing body mass.

sin(dt)
Distance
Distance2
Latitude
PCA Factor 1
Sex
Island
Island * Sex

Variance inflation
factor

b

Partial r

t

1.14
3.97
2.40
2.83
1.53
1.55
3.63
1.26

0.133
–0.116
0.070
0.065
–0.256
0.258
0.513
–0.067

0.166
–0.078
0.061
0.052
–0.269
0.269
0.342
–0.080

2.32
–1.09
0.84
0.72
–3.86
3.86
5.03
–1.11

(Fig. 2b, 2c) or sexual dimorphism (Fig. 4). The
Geography model of wing chord garnered 74%
of the model weight and was 4 times more
likely than the model including island/mainland origin (Table 1). The Geography model
of tarsus length had 52% of the model weight
and was essentially no more likely than the
same model with island/mainland origin added
(Table 1). Coastal and island birds did have
greater sexual dimorphism in tarsus length than
the mainland or southern California samples
(Fig. 4).
DISCUSSION
Size-related morphological variation of
California Song Sparrows can be grouped
into 3 general patterns: (1) a sharp contrast
between island and all mainland populations;

P
0.02
0.27
0.40
0.47
0.0002
0.0002
0.000001
0.27

(2) differences between mainland coast and
island populations versus total mainland populations; and (3) no consistent size variation
along the mainland–coast–island gradient. The
first pattern likely reflects island processes
and includes body mass. Body mass data presented by Patten and Pruett (2009) also suggest that California Island Song Sparrows are
heavier than their mainland equivalents. Traits
showing the second pattern probably reflect the
shared climatic conditions of coastal and island
sites, and these include body mass and tarsus
dimorphism. Traits showing no obvious relationships between geographic locations (the
third pattern) include wing chord and wingchord dimorphism. Thus, the complete analysis
provides some support for hypotheses regarding morphological divergence in body size of
the island form.
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Fig. 4. Dimorphism of Song Sparrows in tarsus and
wing length.

The size difference between island and
mainland populations of M. melodia suggests
a major plastic or evolutionary response in
basic structural size. This pattern is especially
pronounced in Alaska (Pruett and Winker
2005), where differences are an order of
magnitude greater than in California. Our
strongest support of island/mainland divergence in body size is found within the specimen measurements, where structural sizecorrected weights are substantially higher in
the island birds. However, this result is based
on decades-old material. The higher mass
found in our recent samples needs to be further investigated with measurements and
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statistics that can evaluate conditional differences.
Despite controversy around the “island rule”
as it applies across a broad range of taxa (Meiri
et al. 2005, 2008), the patterns are still strongly
supported within some clades. Island forms of
Passerine birds still show a strong tendency
toward larger body size on islands (Clegg and
Owens 2002, Scott et al. 2003, RobinsonWolrath and Owens 2003). The hypotheses for
why island birds might be larger (reviewed in
Clegg and Owens 2002 and Adler and Levins
1994) include (1) reduced interspecific competition allowing for the evolution of larger body
size, a more trophically generalist morphology,
and reduced weight-specific metabolism; (2)
increased intraspecific competition selecting
for body size that confers dominance and hence
higher survival during times of year when
food is limited; (3) lower predation threat or
need to disperse, reducing the need for mobility
and allowing body mass to be greater; and (4)
lower predation threat creating a cascade, where
higher density leads to reduced reproductive
output resulting in higher body condition.
The evaluation of these hypotheses have
focused almost entirely on analysis of structural body size (using PCAs to describe the
collective effect of various body-size measures). However, the findings of our study suggest that size-corrected body mass may be the
most diverged of body-size measures in Song
Sparrows, and this phenomenon engenders a
somewhat different approach to hypothesizing
reasons for the island-mainland divergence.
The difference in the size-corrected mass likely
results from variation in fat load or muscle
size, traits that show a large degree of plasticity
(Danner 2012). This makes it possible that
island-mainland differences in the Song Sparrows are a result of a phenotypically plastic
response to immediate conditions (Clegg and
Owens 2002), rather than a genetically based
evolutionary response. The differences we
found are robust because sparrows were collected over a 100-year period, so the increase
in body mass is not simply a result of conditions during a particular year or set of years.
Rather than being a weakness of the analyses,
this temporal scattering of samples would seem
to confer some generality to the response of
island sparrows.
Birds are thought to regulate their weight
in response to variation in food supply or as a
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more complex optimization of food unpredictability and risk of depredation (adaptive
mass hypotheses: Lima 1986, Houston and
McNamara 1993). We have no information on
the composition of the increased mass in island
birds (muscle or fat), and this makes functional
inference more difficult. Nonetheless, based
on the natural history of the sparrows and the
islands, we can propose hypotheses that might
account for the greater size-corrected mass of
island birds.
Interspecific competitive release may allow
island Song Sparrows to acquire more food.
Yeaton and Cody (1974) found support for
competitive release in Song Sparrows on
islands: these birds held smaller territories
than birds in mainland populations with more
competitors. Alternatively, greater body size may
be a condition-selected trait to allow intraspecific dominance over food resources. This
argument is weakened for body mass, however, by the finding that sexual dimorphism,
which is also thought to be associated with
higher intraspecific competition, was lower
rather than higher in island samples. Greater
mass may result from greater food productivity on islands, though no evidence exists
for this hypothesis. Reduced competition for
food and lower depredation rates resulting
from lower diversity of land birds might combine to favor individuals that adaptively manage their body mass at a higher level than
mainland birds. The greater bill-size dimorphism in California Island Song Sparrows also
appears to suggest a role for relaxed resource
specialization or increased food availability
(Greenberg and Danner 2013). Therefore, both
the patterns in body shape associated with
trophic ecology and overall size suggest that
further studies of food supply, dominance, and
predation risks should show consistently different influences on the evolution of divergence in island Song Sparrow populations.
CONCLUSIONS
1. California Islands Song Sparrows have
greater mass, after controlling for body size,
than mainland song sparrows.
2. There is no evidence of structural-size
difference (tarsus and wing chord) between
islands and mainland specimens. This suggests that island birds are in better condition:
a hypothesis that can be tested with careful
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measurement of mass and structural size in
the same individuals, as well as with body
composition analysis.
3. Both the greater size-corrected body mass
and the greater bill dimorphism are consistent
with a hypothesis of reduced interspecific competition on islands. Alternatively, the greater
mass might be a result of adaptive mass regulation responding to possible reduced predation threat on adults.
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EVALUATION OF NEW TELEMETRY TECHNOLOGIES
FOR RESEARCH ON ISLAND FOXES
Brian Cypher1, Elizabeth Drake2,3, Jennifer Savage2, Julie King4,
Katherine Ralls5, Timothy Coonan2, John Perrine3,
and Calvin Duncan4
ABSTRACT.—New telemetry technologies have recently become available for research on island foxes (Urocyon
littoralis). These include GPS units, which collect location data, and proximity logger units, which record contacts
between individuals. We evaluated these technologies on island foxes through 4 field studies. GPS collars were
deployed on foxes on Santa Catalina during 2007–2008 (n = 20) and 2010–2011 (n = 5) and on Santa Rosa during
2009–2010 (n = 14). The GPS units had multiple issues including malfunctioning drop-off mechanisms, failure of some
units to yield data, low location acquisition rates, improper factory programming, high rates of premature failure of VHF
transmitters and GPS units, poor VHF signal strength, faulty mortality sensors, and breakage of the unit housing or
antenna. Proximity loggers were deployed on foxes on San Miguel during 2009–2010 (n = 17). Performance was satisfactory and consistent with expectations. Both the GPS and proximity logger units yielded high-quality data when the
units worked correctly. Some minor collar-related injuries were noted on 4 foxes with GPS units. We conclude that both
technologies can potentially collect valuable data that would be more difficult and expensive to collect using conventional VHF methods and therefore could benefit island fox conservation. We recommend (1) using GPS units with a
remote download function; (2) downloading data from both types of units as frequently as is practicable; (3) attempting
GPS-unit data downloads from the air; (4) frequently monitoring foxes using the VHF transmitters to determine areas of
use; and (5) rigorously pretesting all functions on both types of units prior to deployment on foxes.
RESUMEN.—Tecnologías telemétricas nuevas están recientemente disponibles para investigación del zorro gris de las
islas (Urocyon littoralis). Esta tecnología incluye unidades GPS las cuales colectan información sobre localización y unidades de registro de datos de proximidad, que registran contactos entre individuos. Evaluamos estas tecnologías en el
zorro de las islas a través de 4 estudios de campo. Colocamos collares con GPS en los zorros de Santa Catalina en
2007–2008 (n = 20) y 2010–2011 (n = 5), y en Santa Rosa en 2009–2010 (n = 14). Las unidades GPS tuvieron varios
problemas incluyendo el mal funcionamiento del mecanismo, problemas para colectar información en algunas unidades,
bajas tasas de adquisición local, programación errónea de fábrica, tasas altas de fallas prematuras en los transmisores de
VHF y las unidades GPS, señal baja VHF, sensores de mortalidad defectuosos, y daños en la unidad central o en la
antena. Las unidades de registro de datos de proximidad se utilizaron en zorros de San Miguel en 2009–2010 (n = 17).
Los resultados fueron satisfactorios y de acuerdo con las expectativas. Ambos, GPS y las unidades de registro de proximidad obtuvieron datos de alta calidad cuando las unidades funcionaban correctamente. Algunos pequeños daños con
respecto a los collares fueron identificados en 4 zorros con unidades GPS. Concluimos que ambas tecnologías son capaces de registrar información útil y valiosa que podría ser más difícil y costosa de reunir utilizando métodos VHF convencionales y, por lo tanto, pueden beneficiar a la zona de conservación del zorro de las islas. Recomendamos (1) utilizar
unidades GPS con funciones de descarga a distancia; (2) descargar datos desde ambos tipos de unidades tan frecuentemente como sea posible; (3) intentar descargar información de las unidades GPS desde el aire; (4) monitorear frecuentemente a los zorros utilizando transmisores de VHF para determinar zonas de uso; y (5) examinar de manera rigurosa
todas las funciones de ambos tipos de unidades antes de utilizarlas con los zorros.

Island foxes (Urocyon littoralis) occur on
the 6 largest Channel Islands off the coast
of southern California. Pre-1994 population
estimates on the islands ranged from 342 foxes
on San Miguel to 1465 foxes on Santa Rosa
(Roemer et al. 1994, Coonan et al. 2000). Due
to these relatively small population sizes and

restricted distributions, the island fox was listed
as threatened by the state of California in 1987.
In the mid- to late 1990s, fox populations on
4 of the 6 islands declined markedly due to
Golden Eagle (Aquila chrysaetos) predation
(San Miguel, Santa Rosa, and Santa Cruz;
Roemer et al. 2001) and disease, probably

1California State University–Stanislaus, Endangered Species Recovery Program, Box 9622, Bakersfield, CA 93389. E-mail: bcypher@esrp.csustan.edu
2National Park Service, Channel Islands National Park, 1901 Spinnaker Drive, Ventura, CA 93001.
3Biological Sciences Department, California Polytechnic State University, San Luis Obispo, CA 93407.
4Catalina Island Conservancy, Box 2739, Avalon, CA 90704.
5Smithsonian Conservation Biology Institute, National Zoological Park, Smithsonian Institution, Washington, DC 20008.
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canine distemper (Santa Catalina; Timm et
al. 2009). On all 4 islands, captive breeding
colonies were established using surviving animals; and for several years, wild populations
were nonexistent (San Miguel, Santa Rosa) or
very small (Santa Cruz, Santa Catalina). In
2004, the foxes on these 4 islands were listed
as federally endangered (U.S. Fish and Wildlife Service 2004). Beginning in 2001 (Santa
Catalina) and 2004 (Northern Channel Islands),
releases of foxes from the captive colonies
were initiated, and wild populations are again
present on all 6 islands.
The catastrophic declines on the 4 islands
highlighted the vulnerability of island fox
populations. These small, insular populations
will always be at risk and will therefore be
“conservation reliant” (Scott et al. 2005, U.S.
Fish and Wildlife Service 2012). Consequently,
continual monitoring of populations and
threats will be necessary. Also, gathering new
ecological and demographic information will
enhance understanding of island fox population dynamics and ecosystem interactions, and
this understanding will optimize conservation
efforts. In particular, habitat conditions on the
islands are changing rapidly now that most
nonnative ungulates have been removed and
restoration efforts have been initiated (Coonan
et al. 2010). Fox responses to these changing
habitat and demographic conditions should be
assessed so that conservation strategies can be
adjusted as warranted.
Radiotelemetry has been used extensively
to monitor and gather information on island
foxes and is an invaluable tool. Almost all of
this telemetry work has been conducted using
traditional VHF (very high frequency) transmitters (summarized in Rubin et al. 2007 and
Coonan et al. 2010). New telemetry technologies, specifically GPS (global positioning system) units and proximity logger units, have
recently become available for potential use on
island foxes. GPS units use satellites to determine animal locations and then collect and
store these locations at programmed intervals.
This technology precludes the need to deploy
field personnel to collect each location and can
therefore save considerable staff time and effort. Proximity loggers record information on
contacts between individuals wearing the units,
and this information can be invaluable for
assessing social interactions and the potential
for disease transmission. Both intensive and
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extensive field efforts would be required to
collect such information using traditional VHF
technology.
No information is currently available on the
efficacy or practicality of GPS and proximity
logger units in collecting data on island foxes.
This project evaluated the use of these units to
collect information on island foxes under field
conditions. Specific objectives were to (1) confirm that these units can be safely deployed on
foxes; (2) assess the performance (e.g., endurance, data collection rates, data recovery)
of the units under field conditions; (3) assess
the quality of the data collected by the units;
and (4) develop recommendations for using
these new technologies to collect data that can
contribute to island fox conservation.
STUDY AREAS
Field work was conducted on Santa Catalina (Catalina), Santa Rosa (Rosa), and San
Miguel (Miguel) islands. GPS units were deployed on island foxes on Catalina and Rosa,
and proximity logger units were deployed on
foxes on Miguel. Detailed descriptions of the
biotic and abiotic attributes of each island can
be found in Schoenherr et al. 1999. Most
(88%) of Catalina is owned and managed by
the Catalina Island Conservancy (CIC). Miguel
is owned by the U.S. Navy and Rosa is owned
by the National Park Service (NPS), but both
islands are managed by the NPS. Active island
fox research and monitoring programs, including annual trapping and radio-tracking of
foxes, are ongoing on all 3 islands. These programs provided an opportunity to deploy GPS
and proximity logger units without requiring
additional field efforts.
Catalina is approximately 194 km2 (76 mi2)
in size. The island is topographically complex,
with elevations ranging up to 648 m (2125 ft)
and deep canyons interspersed among rolling
hills. Primary habitat types include Coastal
Sage Scrub, Coastal Bluff Scrub, Island Chaparral, Island Woodland, Riparian Woodland,
and Coastal Grassland (Schoenherr et al. 1999).
Historically, Catalina probably supported over
1300 foxes (Roemer et al. 1994), and the
recovering population was estimated at 784
in 2008 (Duncan and King 2009). GPS units
were deployed on foxes on Catalina in
November 2007 to monitor fox response to a
fire that occurred on 7 May 2007 and burned
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approximately 10% (1920 ha) of the island
(Duncan and King 2009). GPS units were also
deployed in 2010 to monitor fox response to
the Catalina Grand Prix, a 3-day off-road motorcycle event.
Rosa is approximately 217 km2 (84 mi2) in
size. Similar to Catalina, the island is topographically complex, with elevations ranging
up to 484 m (1589 ft) and deep canyons interspersed among rolling hills. Primary habitat
types include Coastal Grassland, Coastal Beach
and Dune, Coastal Bluff Scrub, Coastal Sage
Scrub, Island Chaparral, Oak Woodland, Island
Woodland, Riparian Woodland, Bishop Pine
Forest, and Torrey Pine Forest (Schoenherr et
al. 1999). Historically, Rosa probably supported
over 1700 foxes, but the recovering population
in 2009 was under 400 (Coonan et al. 2010).
Because of the lower population density, intraspecific competition was reduced and provided an opportunity for foxes to select preferred habitat conditions. Thus, GPS units
were deployed on foxes on Rosa to gather
information on habitat preferences, in addition
to evaluating the performance of the units.
Miguel is approximately 37 km2 (14 mi2) in
size. The island is less complex topographically,
with elevations ranging up to 253 m (830 ft)
and consisting primarily of a large plateau dissected by deep ravines. Primary habitat types
include Coastal Sage Scrub, Coastal Grassland,
Coastal Dune, Coastal Bluff Scrub, and Fresh
Water Marsh (Schoenherr et al. 1999). Historically, Miguel probably supported about 450
foxes, and the recovering population in 2009 was
over 300 (Coonan et al. 2010). Thus, the population on this relatively small island was recovering rapidly, and fox density was high compared to other islands. Proximity logger units
were deployed on foxes on Miguel to quantify
contact rates between individual foxes, in addition to evaluating the performance of the units.
METHODS
For the efforts on Catalina, GPS units were
purchased by the CIC and deployed on foxes
by CIC staff, who conducted all fieldwork. For
the efforts on Rosa and Miguel, GPS and
proximity logger units were purchased by
California State Univeristy, Stanislaus and the
Smithsonian Institution and were then provided to NPS staff, who deployed the units on
foxes and conducted all fieldwork.
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GPS UNITS
To monitor fox use of the burned and
unburned areas on Catalina, GPS units were
purchased from Televilt/TVP Positioning AB
(Lindesberg, Sweden; now called Followit AB).
At the time, Televilt was the only company
that produced GPS units sufficiently small in
size and mass to meet the 4% of body weight
limit for telemetry devices placed on island
foxes. The units purchased were model Tellus
Mini C3 collars. The units weighed about 72 g
and consisted of a GPS receiver bundled with
a UHF (ultra high frequency) transmitter in an
acrylic housing and mounted on a thick rubbertubing collar (Fig. 1a). The units were preprogrammed at the factory with user-supplied
parameters to collect locations at specified
times or intervals. For each location (or “fix”),
data collected included latitude, longitude,
and altitude coordinates; the fox identification
number, date, time, and dilution of precision
(DOP) due to satellite positions; and whether
the fix was 2-dimensional or 3-dimensional.
The data were stored within the unit, and
therefore the unit had to be retrieved to
download the data.
The UHF transmitter permitted tracking of
the unit but was programmed to transmit for
only 3 h 1 day per week to conserve battery
power. Each unit also included a mortality
sensor set to activate if the collar was motionless for 12 h. The GPS unit was programmed
to collect 9 locations every 24 h. At this rate,
expected battery life was 214 days, and the
potential number of locations was 1926. Each
unit also included an automatic drop-off function programmed to activate 214 days after
the unit was turned on. A 21-day beacon then
would activate so that the unit and its stored
data could be recovered. Each unit cost $1270.
The GPS units used on Rosa were purchased from Telemetry Solutions (Concord,
CA). By 2009, when the project was conducted, Televilt had discontinued producing
the units used on Catalina, and Telemetry
Solutions was the only manufacturer producing a GPS monitoring device sufficiently small
in size and mass to use on island foxes. The
units purchased were Quantum 4000E Mini
Collars. These units consisted of a GPS
receiver bundled with a VHF transmitter in
an acrylic housing and mounted on a machine
belting collar (Fig. 1b). The units also included
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c
Fig. 1. (a) Televilt GPS unit deployed on an island fox
on Santa Catalina; (b) Telemetry Solutions GPS unit
deployed on an island fox on Santa Rosa; (c) Sirtrack proximity logger unit deployed on an island fox on San
Miguel.

a 6-h mortality sensor, and the entire unit
weighed 65–70 g. Location data along with time,
date, and various metrics on the quality of the
GPS fix were stored within the unit. Basic units
had to be retrieved in order to download the
stored data. However, some of the units included an optional remote-download function.
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For these units, data could be downloaded by
approaching within about 300 m of the fox and
then downloading the data using a specialized
“base station” connected to a laptop computer.
Either a manufacturer-supplied whip antenna or
user-supplied Yagi antenna could be used with
the base station for communicating with GPS
units. The base station and GPS units had to remain in communication for approximately 30–
60 s to successfully complete the data download.
These GPS units could be programmed
using manufacturer-supplied software and a
USB cable connection. Parameters that could
be manipulated included options regarding
time to acquire a fix (TTF), additional time if a
fix was not acquired in the allotted time, and
interval between fix attempts. For TTF, 75% of
the units were set at 90 s and 25% were set at
60 s. Additional time was set at 45 s, extending
the time to acquire fixes to 105 s or 135 s. Fix
interval was set at 7 h, which yielded 3–4
locations per day and varied the time for fix
attempts such that over 7 days, locations would
be collected evenly throughout the 24-h diel
period. With these settings, expected battery
life for the GPS function was approximately
210 days, and the potential number of locations that could be collected was approximately 670. The VHF transmitter permitted
instantaneous tracking of the unit, and the
estimated battery life expectancy for the transmitter was 200 days. Costs were $1495 for each
store-on-board unit, $1795 for each remotedownload unit, and $1895 each for 2 additional
remote-download units ordered after the initial requisition. The base station cost $2995.
GPS units from Telemetry Solutions also
were used to examine fox response to a 3-day
motorcycle event on Catalina in 2010. All of
the units included the remote-download function. Fix interval was set at 1.25 h, potentially
yielding an average of 19.2 locations per day
over the 7-week study.
Prior to deployment on foxes, each Telemetry Solutions GPS unit was tested to ensure
that GPS locations were being recorded and
the VHF transmitter was operating properly,
as well as to determine the optimal VHF transmitter frequency (because frequencies can
“drift”) and the approximate distance of detection for the VHF signal.
To deploy the GPS units, we captured
island foxes on Catalina and Santa Rosa in
live traps. Live-trapping was conducted by
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CIC staff on Catalina and NPS staff on Rosa as
part of annual population monitoring or target
trapping efforts (e.g., to replace radio collars).
Foxes were captured in single-door, wire-mesh
box traps (66 × 23 × 23 cm; Tomahawk Live
Trap Co., Tomahawk, WI). Dry vegetation was
placed on trap bottoms for bedding, and traps
were covered with burlap to provide protection from sun and wind. Traps were baited
with dry or wet cat food and a loganberry lure
(Knob Mountain Raw Fur Co., Berwick, PA).
Traps were checked each morning. Captured
foxes were physically restrained without immobilization drugs. Information collected from
foxes included weight, sex, age (based on tooth
wear), reproductive condition, and a general
condition assessment. All new foxes (first capture) were marked with a passive integrated
transponder tag (PIT tag; Biomark Inc., Boise,
ID). Selected foxes were then fitted with a
GPS unit and released at the capture site.
General locations were obtained on the
foxes as often as was practicable, with most
tracking being conducted from the ground
using a handheld receiver and a standard VHF
or UHF antenna. Attempts were made to locate
each fox once per week on Catalina and twice
per week on Rosa. Tracking occasionally was
conducted from a fixed-wing aircraft, particularly on Catalina. For units with remote-download functions, periodic attempts were made
to locate foxes and download data. Downloads
were attempted both from the ground and
from fixed-wing aircraft. A fixed-element Yagi
antenna was used for both approaches. At the
end of the field testing period, live traps were
set in the areas used by each fox in an effort
to recapture foxes and remove the GPS units.
Data were then downloaded from the units to
assess their success in collecting data under
field conditions.
A variety of parameters were assessed to
evaluate the performance of the GPS units and
their potential utility in island fox monitoring
and research (Table 1). Where possible, parameters were quantitatively measured (e.g., rate
of successful GPS location, length of operational
time). Otherwise, parameters were qualitatively
evaluated (e.g., ease of placement on foxes,
unit condition upon retrieval).
Proximity Logger Units
The proximity logger units deployed on
foxes on Miguel were purchased from Sirtrack
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Limited (Hawkes Bay, New Zealand). Sirtrack
was the only manufacturer producing proximity loggers sufficiently small in size and mass
to meet the 4% of body weight limit for
telemetry devices placed on island foxes. The
units purchased were model E2C-171-A proximity loggers. These units consisted of a UHF
transceiver bundled with a VHF transmitter
in an acrylic housing and mounted on a machine belting collar (Fig. 1c). The entire unit
weighed 60 g. The proximity logger units used
the UHF transceiver to communicate with
other units. Specifically, when 2 units came
within a specified distance of each other, both
units detected and identified the other unit
(i.e., a “contact”), and each recorded the duration of the contact. The maximum distance for
a contact and the separation time required to
end a contact was programmed by the user.
The contact information was stored within the
unit, and units had to be retrieved in order to
download the stored data. The VHF transmitter permitted instantaneous tracking of the
unit. Battery life for the units was estimated at
276 days, and each unit cost $499.
The units were easy to program and all
were programmed identically. NPS staff chose
a 30-m proximity for indicating a contact between foxes. This distance was set by adjusting the “UHF coefficient,” and the appropriate
coefficient was determined based on tests
with the units placed on a saline bag to simulate a fox’s body. Thus, a contact was recorded
if 2 foxes wearing units came within approximately 30 m of each other. The contact duration terminated once the animals moved apart
and the 2 units were not in contact for >30 s.
A base station was also deployed to monitor
fox presence at a specific location. This station
was programmed to detect foxes within a distance of about 60 m, and the contact was terminated if the fox moved >60 m from the station for >30 s. Approximately every 2 weeks,
data from the base station were downloaded
and the station was moved. Prior to deployment
on foxes, each proximity logger was tested to
ensure that it detected other units and that its
VHF transmitter was operating properly.
To deploy the proximity logger units, island
foxes on Miguel were captured in live traps by
NPS staff using the same methods described
above for the GPS unit deployment on Rosa.
Selected foxes were then fitted with a proximity logger unit and released at the capture site.
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TABLE 1. Parameters evaluated to assess the performance and utility of GPS and proximity logger units for island fox
monitoring and research.
General category

Parameter description

Predeployment issues

Properly collecting locations (GPS)
Properly detecting other units (logger)
Interlogger detection distance (logger)
VHF/UHF functioning properly
VHF/UHF transmission distance
Ease of programming
Ease of placement on fox
Any injuries to fox from unit
Any significant mass loss by fox
Unit condition upon recovery (antenna condition, collar condition, transmitter housing
condition)
Length of operational time
Successful data acquisition
Locations collected at appropriate times/rates (GPS)
General location accuracy (GPS)
Successful remote download of data (GPS)
Concordance of contact data between units (loggers)
Length of operational time
Average transmission distance
Signal strength and pulse rate over time
Any significant frequency drift

Fox and collar issues

Unit performance

VHF/UHF performance

Field testing consisted of obtaining general
locations on the foxes approximately once
every 2 weeks by tracking the VHF signals. At
the end of the field-testing period, live traps
were set in the areas used by each fox in an
effort to recapture foxes and remove the
proximity logger units. Data were then downloaded from the units to assess their performance under field conditions.
A variety of parameters were assessed to
evaluate the performance of the proximity logger units and their potential utility in island
fox monitoring and research (Table 1). As with
the GPS unit evaluations, some parameters
were quantitatively measured and some were
qualitatively evaluated; and we tried to collect
as much information as possible to assist in
evaluating unit performance and utility.
Each proximity logger unit recorded data
independently. Therefore, 2 units ideally recorded the same number of contacts with each
other and the duration of these contacts should
have been similar. The number of contacts
recorded and the total duration of contacts between unit dyads were examined to determine
how closely they matched.
RESULTS
The purpose of this project was to evaluate
the performance of 2 relatively new telemetry
technologies on island foxes and to assess the

utility of using these technologies to collect
field data on island foxes. Thus, the data collected by the units were examined with respect only to quality and quantity relative to
expectations regarding the performance of the
units. Presentation and discussion of the specific ecological results provided by the data
(e.g., response to burn or motorcycle race,
habitat selection, contact rates by social dyads)
was beyond the scope of this paper.
GPS Units
In November 2007, 20 Televilt GPS units
were deployed on foxes on Catalina: 5 males
and 5 females in both burned and unburned
areas. Unit-to-fox mass ratios ranged from
2.48% to 3.06% for females and 2.06% to
2.77% for males (Table 2). Tracking the foxes
was difficult. The UHF transmitter activated
only once a week for a relatively short (3-h)
window; and due to a miscommunication with
the manufacturer, that window was from 23:00
to 02:00. Although foxes tend to be active at
this time and more easily detected, the window was not a convenient time to conduct
fieldwork. Furthermore, darkness at this time
complicated attempts to track the one collar
that malfunctioned and automatically dropped
off too early. Indeed, that collar was never
recovered, and this issue led to the decision to
attempt to recapture all collared foxes to
recover the units prior to drop-off. A root
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TABLE 2. Biological data and details on GPS and proximity logger units worn by island foxes during 4 projects to evaluate
the efficacy of the units.
Locations/contacts
collected

Initial fox
mass (kg)

Collar/fox mass
ratio (%)

42
117
NAa
91
32
60
67
33
148
NAb
81
109
136
64
156
NAb
123
123
146
109

2.60
2.45
2.90
3.40
2.65
3.50
3.50
2.50
2.65
2.50
2.60
2.60
2.85
3.00
2.60
2.65
2.35
2.70
2.35
2.55

2.77
2.94
2.48
2.12
2.72
2.06
2.06
2.88
2.72
2.88
2.77
2.77
2.53
2.40
2.77
2.72
3.06
2.67
3.06
2.82

–0.10
–0.30
NA
–0.50
–0.25
–0.50
–1.00
–0.10
–0.52
–0.20
–0.40
–0.60
–0.35
–0.60
–0.60
–0.45
–0.30
–0.20
–0.50
NAc

Telemetry Solutions GPS units, Santa Rosa, 2009–2010
6
M
—d
—
15
M
—d
441e
33
M
348
452
48
M
339
223
51
M
57
236
52
M
274
552
64
M
330
304
66
M
—d
441e
69
M
319
431
70
M
—d
—
71
M
339
482
72
M
348
236
73
M
432
225
75
M
—d
266e

2.45
2.40
2.30
2.00
1.75
2.30
2.90
2.50
2.00
2.10
2.30
2.25
1.85
2.20

2.65
2.71
2.83
3.25
3.71
2.83
2.24
2.60
3.25
3.10
2.83
2.89
3.51
2.95

NA
NA
+0.05
+0.20
NA
0
–0.20
NA
+0.10
NA
–0.30
–0.05
+0.40
NA

Telemetry Solutions GPS units, Santa Catalina, 2010–2011
4736E
F
51
323
E6C5E
F
49
358
96C03
F
48
517
55169
M
—d
389 e
24574
M
47
178

2.50
2.05
2.30
2.20
3.00

2.80
3.41
3.04
3.18
2.33

–0.20
–0.35
–0.15
—
–0.25

Sirtrack proximity logger units, San Miguel, 2009–2010
265
M
220
1241
267
M
218
1290
268
M
221
74
264
M
217
4436
351
F
219
1029
353
F
229
4959
352
F
233
2810
245
M
218
3530
266
M
—d
—
214
M
217
4454
313
F
217
3233
269
M
216
1736
270
M
323
117
271
M
216
1853
212
M
233
35

2.20
2.10
2.05
2.40
2.20
2.30
2.60
2.50
2.20
2.40
2.10
2.10
2.30
2.10
2.75

2.73
2.86
2.93
2.50
2.73
2.61
2.31
2.40
2.73
2.50
2.86
2.86
2.61
2.86
2.18

+0.20
+0.10
–0.05
–0.20
–0.05
–0.20
0
0
NA
+0.15
0
+0.10
–0.20
0
NA

Fox ID

Sex

Days collar
worn

Televilt GPS units, Santa Catalina, 2007–2008
00747
M
210
21019
F
195
2266B
F
214
2761A
M
209
31B7B
F
207
3270E
M
208
43C4F
M
207
52862
M
196
53428
M
195
54F5B
M
208
A5C1B
F
210
A760F
F
205
B2B24
M
206
B7325
M
207
C4B3B
F
209
E6918
F
196
F1F00
F
195
F3D42
M
196
F4B03
F
194
F5244
F
187

Fox mass change
at recapture (kg)
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TABLE 2. Continued.
Fox ID

Sex

Days collar
worn

Locations/contacts
collected

Initial fox
mass (kg)

Collar/fox mass
ratio (%)

354
273

F
M

205
215

911
1280

2.10
2.50

2.86
2.40

Fox mass change
at recapture (kg)
0
0

aCollar not recovered from fox.
bNo data could be downloaded.
cMortality.
dFox not recaptured.
eData from remote download.

cause of this issue was the fact that the units
had to be programmed at the factory and not
by the user. The UHF transmitter did emit a
strong signal that could be heard up to distances of 1000 m. However, the gain on the
signal could not be lowered, and therefore it
was very difficult to obtain a signal direction
when in close proximity to the unit. This effect
contributed to the difficulty in locating the
dropped collar.
The 20 foxes wore the units for 187–214
days (Table 2). One fox was found dead toward
the end of the study, but the carcass was too
decomposed to determine the cause of death
and whether the GPS unit may have contributed to the death. Of the remaining 19
foxes, 18 were recaptured and the units were
removed prior to the scheduled automatic
drop-off date. The 19 units recovered were
monitored, and the automatic drop-off mechanism activated properly on 14 of these. Data
were recovered from 17 of the 19 units. The 2
units that could not be downloaded were sent
back to the manufacturer, who also was unable
to recover any data. It is unclear whether the
2 units failed to collect data or whether data
were collected but could not be accessed.
These 2 units also were among the 5 for which
the automatic drop-off mechanism failed.
Of the 17 units from which data were recovered, the maximum number of locations collected was 197 and the average number was
118 (Table 2). The number of locations obtained relative to the expected number was
generally very low and averaged 6.1% (range
1.7%–10.2%). Recaptured foxes did not exhibit
any injuries associated with the GPS units. All
of the foxes lost weight (range 0.10–1.00 kg)
while wearing the units.
For the Rosa project, 16 GPS units were
purchased from Telemetry Solutions. These
included 9 “store-on-board” (SOB) units and 7
“remote download” (RD) units. The software
required for programming the units was con-

tinually being updated, which caused some
problems. However, once the proper software
was obtained, the units were relatively easy to
program.
Several issues were encountered during
predeployment testing of the GPS units. A significant problem was difficulty in deactivating
the units after testing. Seven of the units experienced software errors that apparently prevented data download. For one of these units,
actual time intervals for collecting locations
were inconsistent with those programmed;
and for another unit, the time on the internal
clock was not stable and shifted causing locations to be recorded at incorrect intervals. The
VHF transmitter on one of these units also
exhibited a rapid pulse rate that would have
significantly reduced battery life. The VHF
transmitter on another unit was not operating
when the unit was delivered. All malfunctioning units were returned to the manufacturer
for repair, but 2 units were not sent back in
time for deployment on foxes. Finally, during
testing of the remote download function, only
one attempt to download data was successful.
Apparently, the whip antenna supplied with
the base station had an extremely short range
(approximately 10 m). However, switching to a
Yagi antenna (3 or 6 elements) resolved this
issue, and subsequent download attempts
were more successful.
During annual trapping efforts on Rosa
conducted by the NPS, 14 GPS units were
deployed on foxes during September–November 2009. In an effort to provide a larger safety
margin in the event that the weight of the
units proved to be a burden for foxes, all of
the units were placed on adult males because
of their larger body size. Fox weights ranged
from 1.75 to 2.9 kg, resulting in unit-to-fox
mass ratios of 2.2%–3.7% (Table 2). All the
units were deployed on foxes on the east side
of the island to facilitate monitoring. Of the 14
units deployed, 8 were SOB and 6 were RD.
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After the units were deployed on foxes, the
most prevalent and serious problem encountered during monitoring was the performance
and reliability of the VHF transmitters, all of
which failed prematurely. Among the 14 units
deployed, the average number of days that
VHF transmitters operated was just 27. Five
transmitters failed after only 1 day of operation, and the longest any functioned was just
92 days. Signal strength was relatively weak
on all of the units, and consequently, the signal
detection distance was quite short. Typically,
signals could be heard only from a distance of
≤100 m and often only when in the lineof-sight distance (i.e., no topographic or
other features between the transmitter and
observer). Thus, even when the transmitters
were operating, the weak signal strength and
short distances made tracking the units challenging. Another problem associated with the
VHF transmitters was malfunctioning mortality sensors. Three of the units emitted false
mortality signals; in all 3 cases, live foxes were
observed or recaptured, thereby confirming
the false signals.
While the units were deployed on foxes,
attempts were made to remotely download
data from the 6 RD units. Such efforts were
rendered significantly more difficult by the
VHF transmitter failures described above.
Downloads could be performed only at a
maximum distance of approximately 300 m.
Thus, getting within this distance was challenging without the aid of the VHF transmitters. Fortunately, most foxes remained in the
general vicinity of the location where they
were trapped and collared.
In December 2009, downloads were attempted from the ground on 3 units, of which
only one had a functioning VHF transmitter.
The downloads were successful, and the data
from one unit indicated that the fox was likely
dead because all of the most recent locations
were from a single location. The coordinates
for this location were used to conduct a
ground search, and the carcass of the fox was
located and collected. Cause of death could
not be determined due to the advanced state
of carcass decomposition, but there was no
evidence to suggest that the GPS unit was
responsible for the death. In February 2010,
downloads were attempted on the remaining 3
RD units from the air by using an antenna
attached to a fixed-wing aircraft. None of

365

these remaining units had functioning VHF
transmitters, but because the foxes all were in
the general area where they had been trapped,
the download attempts were successful.
Live trapping was conducted from June
2010 to January 2011 in an effort to recapture
foxes and recover the GPS units, and 8 foxes
were recaptured. No injuries associated with
collars were observed among the recaptured
foxes that wore GPS units. Excluding the fox
recovered dead, the other foxes recovered
wore the units for 274–432 days (Table 2). Of
the 8 foxes recaptured, 4 had gained weight, 3
had lost weight, and 1 was the same weight
(Table 2). The weight losses were not considered excessive, particularly given the relatively long period that the foxes wore the
units. The condition of the units upon recovery
varied. Most exhibited excessive wear on the
ends of the epoxy housing that resulted in
exposed wires. The antenna on one unit was
broken off where the antenna exited the
housing.
GPS units were recovered from the 8 foxes
recaptured and from the one fox found dead.
Of the 5 foxes not recaptured, 3 had RD units
and data were successfully downloaded from
these resulting in at least partial GPS data sets
for 12 of the 14 foxes that received GPS units.
All 12 data sets included usable locations.
Excluding the partial data sets from the 3
unrecovered units and the fox found dead, the
average operational time for the remaining 8
units was 17.5 weeks (range 10–28 weeks). Of
these 8, two malfunctioned and ceased operating due to damages (e.g., broken antenna or
transmitter housing). The expected operational life of the GPS battery varied from 23 to
30 weeks, depending on the frequency of
location attempts programmed into each unit.
Only one unit met or exceeded the expected
operating time. On average, the units successfully collected a location in 81.7% (range
73.0%–92.8%) of attempts. The units collected
an average of 357 (range 223–552) locations
while they were deployed (Table 2).
In the second GPS collar study on Catalina, 5 Telemetry Solution GPS units were
deployed on foxes (3 males and 2 females) in
November 2010. Fox weights ranged from
2.05 to 3.00 kg resulting in unit-to-fox mass
ratios of 2.33%–3.41% (Table 2). The study for
which the units were deployed was relatively
short, and foxes were retrapped in January
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2011 to remove collars. Four of the 5 foxes
were recaptured, and these 4 had worn the
collars for 47–58 days (Table 2). All 4 had hair
loss and abrasions on their necks from the
collars. Also, all of the foxes had lost weight
(range 0.15–0.35 kg). One unit malfunctioned
(both the VHF and GPS functions ceased
working) just before the fox wearing that unit
was recaptured. Data were successfully downloaded from all units during the study. The
number of locations collected ranged from
178 to 517. The proportion of attempts in
which the units successfully obtained a location ranged from 19.7% to 56.0%. The range
on the VHF transmitter was relatively short
and was estimated at 150–300 m. However,
the transmitters were readily heard during
aerial searches.
Proximity Logger Units
For annual trapping efforts conducted by
the NPS on Miguel, 17 proximity logger units
were deployed on foxes during December
2009–January 2010. All were deployed within
an approximately 3.5-km2 area to facilitate
monitoring and to increase the potential for
recording contacts between individuals. Units
were placed on both males and females and
on foxes ranging in age from <1 year to >7
years. Fox weights ranged from 2.05 to 2.75
kg, resulting in unit-to-fox mass ratios of
2.2%–2.9% (Table 2).
The performance of the VHF transmitters
on the units met expectations. None of the
transmitters failed while deployed on foxes.
Also, there were no observed deviations in
signal strength, frequency, or pulse rate during the period of deployment.
One of the foxes with a proximity logger
was found dead on 27 August 2010. The carcass was too decomposed to determine the
cause of death; but the fox had worn the unit
for several months and also had worn multiple
conventional radio-collars in the past, and
NPS staff felt that the logger unit likely did
not contribute to the death. Live trapping was
conducted during summer and fall 2010 in an
effort to recapture foxes and recover the proximity logger units. Of the 16 foxes still wearing
units, 14 were recaptured during July–August
2010, one was recaptured in November 2010,
and one eluded recapture.
Excluding the fox recovered dead, the
recaptured foxes wore the proximity logger
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units for an average of 226 (range 205–323)
days (Table 2). No injuries associated with collars were observed among the foxes. Of the 15
foxes recaptured, 4 had gained weight, 5 had
lost weight, and 5 were the same weight
(Table 2). The weight losses were not considered excessive, particularly given the relatively long period that the foxes wore the
units. Generally, the units appeared to be in
good condition upon recovery. They exhibited
some wear, but none of the wear was considered excessive for collars deployed on wild
foxes for multiple months. The housing and
antenna were intact on all units.
The proximity logger units all recorded
contacts between foxes wearing the units. Of
the 16 recovered units, 12 recorded at least
1000 contacts, and 3 units recorded >4000
contacts (Table 3). Difficulties were detected
for only one unit: it malfunctioned after 177
days on the fox and afterward recorded 16,516
unusable records. Otherwise, all units performed as expected. Most of the foxes were
recaptured prior to the estimated termination
of battery life (276 days), but the last fox
recaptured wore the unit for 323 days and
the unit was still operating. After recovery, the
units could not be deactivated by simply passing a magnet near the external activation site
and magnets had to be taped to units in order
to deactivate them, but this was a minor issue.
Also, the base station failed within a few
weeks of deployment, but a replacement sent
by Sirtrack worked fine during the remainder
of the project.
The number of contacts and the total
duration of contacts between units within a
dyad generally were very similar (Table 3). For
example, M265 recorded 63 contacts with
F352, totaling 2134 s; whereas F352 recorded
58 contacts with M265, totaling 2257 s. This
general concordance was common among
almost all the dyads, indicating a relatively high
level of accuracy among the data recorded by
the units.
DISCUSSION
GPS Units
The performance of the GPS units was
mixed. Some aspects of these units were very
successful, whereas others fell well short of
expectations or advertised performance. The
units were generally worn successfully by

aM266 was not recaptured and therefore the number of times that it recorded contacts with other foxes is unknown.
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M265
M267
M268
M264
F351
F353
F352
M245
M266a
M214
F313
M269
M270
M271
M212
F354
M273

M273
F354
M212
M271
M270
M269
F313
M214
M266
M245
F352
F353
F351
M264
M268
M267
M265

TABLE 3. Contacts between island foxes wearing proximity loggers, San Miguel Island, 2009–2010. Values are the number of times that a fox in a row recorded contact with a fox in a column.
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island foxes. Some minor injuries were noted
on the 4 foxes recaptured on Catalina that
wore Telemetry Solutions units. These injuries
were likely due to the positioning and placement of the VHF and satellite antennae.
Instead of running parallel along the animal’s
back, the antennae were mounted perpendicular to the ground for better satellite reception.
The antenna extended approximately 10 cm
above the fox’s head and therefore struck vegetation as the fox navigated through dense
brush. These impacts most likely caused the
collar to rock front to back on the animal’s
neck, thus causing the noted abrasions. However, no injuries were noted on the 8 foxes
recaptured on Rosa that also wore Telemetry
Solutions units.
One fox with a Televilt unit on Catalina was
found dead, but the fox was too decomposed
to determine whether the unit contributed to
the death. One fox died on Santa Rosa while
wearing a Telemetry Solutions unit, but there
was no evidence that the unit contributed to
this death. Weight loss was commonly observed
among foxes wearing GPS units, but again it
is unclear whether the units contributed to
this loss. On Catalina, the Televilt units were
deployed in late fall when island foxes may be
heavier, and they were removed in early summer when the foxes are commonly lighter.
Winter to summer weight loss of similar magnitude also was observed among foxes that did
not wear GPS units (J. King unpublished data).
Thus, at least some of this weight loss may
have been attributable to natural physiological
patterns among the foxes. Kit foxes (Vulpes
macrotis) exhibit similar seasonal variations in
weight (Warrick and Cypher 1999).
The GPS units were bulkier than standard
VHF units, which probably resulted from
bundling multiple functions (e.g., GPS receiver,
VHF transmitter, mortality sensor, associated
batteries, antenna) into a single package.
However, the additional bulk did not appear
to produce any deleterious effects. The units
also were a bit heavier than standard VHF
units (typically <45 g). A general recommendation when using telemetry equipment to conduct research on animals is to limit the weight
of the equipment to ≤5% of body weight.
Federal and state permits for handling island
foxes included a 3% or 4% limit, and the collarto-body mass ratios for all foxes receiving
GPS units was <4% and in most case <3%.
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At this limit, the Televilt units could have been
placed on foxes weighing ≥1.8 kg and the
Telemetry Solutions units could have been
placed on foxes weighing ≥1.625 kg. In an
analysis of radio-collar effects on 542 endangered San Joaquin kit foxes (V. m. mutica), possible detrimental effects were detected only
when equipment exceeded 6% of body weight,
and these effects were primarily detected
among juveniles (Cypher 1997).
The Televilt units were factory-programmed
thereby reducing the chance of user error.
However, due to a miscommunication, the
units were programmed improperly with regards to the UHF transmitter time. This error
made tracking the units significantly more difficult. For the Telemetry Systems units, once
all of the proper software and instructions
were in hand, the units generally were easy to
program. Also, the variety of programming
options allowed the user to more effectively
address study objectives and also to maximize
battery life.
GPS receivers need to communicate with
orbiting satellites in order to calculate and
record locations. Obstacles such as dense vegetation or topographic features and behaviors
such as den use can impede communications
between the units and satellites and thus
result in failed attempts to obtain locations
(e.g., Johnson et al. 2002). Island foxes occasionally use dens (Moore and Collins 1995)
and commonly use areas of rugged terrain,
such as canyons. The numbers of locations
collected by the Televilt units were considerably lower than expected, although all of the
units that did not malfunction did produce
data. For the Telemetry Solutions units, the
proportions of attempts for which successful
locations were secured were relatively high, at
least on Rosa, demonstrating that the units
were quite effective in collecting the desired
data. It is unknown whether a particular factor
or factors (e.g., topography, vegetation, den
use) were consistently associated with failed
location attempts. During pretesting, the units
successfully collected locations in grassland,
chaparral, and mixed woodland habitats,
although the rates of successful locations were
not determined.
The most significant issue with the GPS
function on the Telemetry Solutions units
deployed on Rosa was that the duration of
operation fell well short of expectations for all
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but one unit. Almost all of the units operated
for several weeks, and in some cases several
months, less than expected. Consequently, the
number of locations collected also fell short of
expectations. The expected battery life and
programmed parameters should have yielded
approximately 670 locations. However, even
accounting for failed location attempts, only
one unit achieved the expected number of
locations (which was the same unit that also
exceeded expected battery life).
Six of the GPS units on Rosa included a
remote-download function, which was very
successful when used with the proper antenna.
The short range on the whip antenna supplied
with the base station rendered it essentially
incapable of remotely downloading data from
units, particularly under field conditions.
However, switching to a Yagi antenna resolved
this issue. Data were successfully downloaded
from all 6 units. Downloading from the ground
did necessitate maneuvering to within about
300 m of the foxes, which positioning could be
challenging depending on factors such as road
access, topographic ruggedness, and vegetation density. However, downloading also was
effective from the air. Aerial downloading may
seem more expensive due to the costs of aircraft charter, but ground downloading could
consume significantly more staff time and thus
reduce or even negate any differences in cost
efficiency between the 2 methods. Regardless
of method, the immense value of the remotedownload function was highlighted by the
inability to recapture 5 of the Rosa foxes. Data
were obtained from 3 of these foxes that
had collars with remote-download functions,
whereas no data were collected from the 2
without this function.
The accuracy of the locations obtained by
all models of GPS units was not precisely
quantified. However, qualitative evidence suggests that the locations were reasonably accurate. The locations were effective in leading
field biologists to the fox that had died on Rosa.
Because the foxes are small and the carcass
was decomposed and not obvious, the locations had to lead to a relatively small area for
the carcass to be found. After the fox died, the
GPS unit collected 90 locations. On average,
these locations were <10 m (range 0.4–81 m)
from the coordinates for the carcass provided
by a hand-held GPS unit. Such precision is
sufficient for conducting detailed spatial
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analyses, such as examining use of habitats
and landscape features by foxes. Also, the locations from the collar GPS units were consistent with field biologists’ knowledge of the
space-use patterns of the foxes that wore
the units.
The performance of the VHF transmitters
associated with the Telemetry Solutions units
deployed on Rosa was unacceptable. None
of the transmitters came close to operating for
the advertised life expectancy of 200 days. The
longest any operated was 92 days, and 6 of
the 14 deployed units failed after <10 days. The
failure of VHF transmitters precluded tracking
and locating animals for status checks, targeted
trapping, or remote download of data, and also
precluded the detection of dead foxes, as the
mortality sensor was an altered pulse rate of
the VHF signal. Fortunately, data were obtained
from 5 units with malfunctioning VHF transmitters by activating the download function
and searching over broad areas from the air.
Proximity Logger Units
The performance of the proximity logger
units was excellent. The units functioned as
expected. The small number of problems that
did surface, almost all of which were relatively
minor, were to be expected for a field study,
particularly one in which relatively novel
equipment and techniques are being tested.
Of greatest importance, the units were
worn successfully by island foxes without
causing any detectable injuries to foxes, and
no adverse effects on survival or condition
were detected. One fox died while wearing a
unit, but there was no evidence that the unit
contributed to this death. At 60 g, proximity
loggers could be placed on foxes ≥1.5 kg.
The units were easy to program. Part of
this programming ease was due to the limited
parameters to program, and each parameter
had just a few options. Probably the most
important parameters are the “UHF coefficient,” which determines the distance at
which a unit will detect another unit and record a contact, and the time with no con tact recorded required to terminate a contact.
The first parameter can be adjusted to alter the
detection distance based on study objectives,
whereas setting the second for too short a time
is likely to result in an extended interaction
between 2 foxes being recorded as a series
of short contacts.
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The units held up well under field conditions and did not exhibit any signs of damage or
excessive wear. None of the units experienced
premature battery failures. The VHF transmitters all functioned per expectations, and
this greatly facilitated targeted trapping efforts
to recapture foxes and recover the units. This
ability was extremely important, as the proximity logger units do not have a remote-download function or automated drop-off system,
thus necessitating recapture of the animals in
order to recover the stored data. One fox was
not recaptured, and therefore no data were
obtained from this animal.
Abundant data were collected using the
proximity logger units, and the quality of those
data appeared to be quite high, based on the
examination of concordance within unit dyads.
In most cases, the number and total duration
of contacts did not match exactly between 2
units in a dyad. However, this difference could
easily be attributable to several factors. First,
the sensitivity of each unit in detecting another
unit likely was not identical across units due
to inherent variations in the electronics of each
unit. Second, the ability of a unit to detect
another also is influenced by the orientation of
each unit with respect to the other unit (e.g.,
height, position of fox, obstacles, etc.). Consequently, one unit may have detected a second
unit whereas the second unit may not have
detected the first, particularly when foxes
were near the limits of unit detection abilities. This would lead to the observed discrepancies within unit dyads. In particular, an
extended contact may be recorded as a series of
shorter contacts and the number and length
of these contacts may differ between the 2
collars (Prange et al. 2006). However, these
discrepancies are relatively small, and trends
and patterns were easily detected in the data.
Scientists using proximity loggers on other
species have found similar occasional, small
discrepancies between the data recorded by
2 units in a dyad and have developed ways
to deal with them during data analysis (Prange
et al. 2006, Hamede et al. 2009, Hauver et al.
2010).
CONCLUSIONS AND RECOMMENDATIONS
GPS tracking technology that is sufficiently
miniaturized for deployment on animals the
size of island foxes is relatively new. As of
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spring 2013, Telemetry Solutions and Advanced
Telemetry Systems are the only companies
manufacturing such technology. Televilt discontinued production of fox-sized units following unacceptably poor performance during
this and other field studies (e.g., Clevenger et
al. 2010). Thus, manufacturing such miniaturized technology is challenging. Given that the
technology is relatively new, issues and problems are to be expected. Indeed, very similar
issues have been reported previously for both
larger and similar-sized GPS units (Johnson
et al. 2002, Gau et al. 2004, Matthews et al.
2013). Five GPS units were deployed on kit
foxes in the Mojave Desert in 2007 (Clevenger
et al. 2010). However, the animals could not
be relocated due to poor performance by the
UHF transmitters, and none of the animals
were recaptured. Thus, no GPS locations were
obtained. Matthews et al. (2013) summarize
issues encountered during studies in which
GPS collars were used on 13 species in Australia, including red foxes (Vulpes vulpes) and
other similar-sized species such as cats (Felis
catus), koalas (Phascolarctos cinereus), possums
(Trichosurus cunninghami), quolls (Dasyurus
geoffroii and Dasyurus maculatus), and wombats (Vombatus ursinus). These issues included
premature failure of VHF transmitters or GPS
receivers, programming problems, low fix
rates, and minor injuries from the collars. Similar issues were experienced with GPS collars
placed on fishers (Martes pennanti) in California (C. Thompson, U.S. Forest Service, unpublished data). Products will likely continue to
improve. Indeed, GPS units from Telemetry
Solutions currently (March 2013) are being
used in 2 kit fox studies, and many of the
issues experienced in the island fox studies
have already been corrected (B. Cypher, personal observation).
Clearly, both the GPS unit and proximity
logger technologies have immense potential
for obtaining valuable information on island
fox ecology. Despite the issues encountered,
the GPS units provided very useful data on the
effects of a fire and motorcycle race on Catalina (J. King unpublished data) and on habitat
selection by foxes on Rosa (Drake 2013). The
proximity loggers provided excellent data on
social interactions on Miguel (Ralls et al. 2013)
and were also used in a subsequent study to
examine disease transmission potential among
foxes on San Clemente Island (Sanchez 2012).
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Thus, these technologies are excellent tools for
gathering information that would be more difficult or more costly, possibly prohibitively so,
to obtain using other approaches. An obvious
caveat is that this potential can only be realized when the technology functions according
to specifications. When this is the case, the
quality and quantity of data obtained should
easily outweigh the cost of the GPS units and
proximity loggers, which is considerably higher
than the conventional VHF units that are still
the most commonly employed equipment in
telemetry studies on animals.
As with any research project, the most
appropriate methods and equipment for
achieving objectives should be selected. Thus,
GPS and proximity logger units should be
employed only when they constitute the most
effective approach for collecting desired data.
For example, neither GPS nor proximity logger units would be cost-effective tools to
investigate survival. However, for investigations of spatial ecology (e.g., home-range characteristics, habitat selection, and dispersal),
GPS units could be highly cost effective. Likewise, for investigations of intraspecific interactions (e.g., social ecology and epidemiological
risk), proximity logger units can provide
unique and invaluable data.
The expense of both units, particularly the
GPS units, could be cost prohibitive for
limited research budgets. Another potential
drawback is that even if the units work as
expected, no data will be obtained from a
given animal if that animal is not recaptured
and the unit recovered. This issue occurred
with both the GPS and proximity logger units
deployed on island foxes. The failure to recapture animals was mitigated somewhat by the
remote-download function on the GPS units.
Alternatively, an effective timed or remotely
activated release system would also help mitigate recapture failures and could even eliminate the need to recapture animals.
Based on the results of this project, the following recommendations are offered:
1. Use GPS units with a remote-download
function
The GPS telemetry units can experience a
number of issues that can result in loss of data.
In particular, failure of the VHF transmitters
makes tracking and target trapping foxes
extremely difficult. Even when the VHF
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functions properly, recapture of animals wearing the units is never assured. The remotedownload function increases the cost of the
units, but this is a worthwhile expense to
increase the probability of obtaining data from
the units.
2. Attempt GPS unit downloads from the air
Animals wearing GPS units may move considerable distances or move into inaccessible
terrain or vegetation, which movement could
make them difficult to approach within a sufficiently close proximity to remotely download
data from the units. Also, animals could be
distributed over a large area, significantly
increasing the time required to get into close
proximity. Finally, as discussed, the VHF
transmitters can malfunction and thus make it
impossible to track animals. For these reasons,
it may be cost effective to attempt remote
downloads of data from aircraft. Larger areas
can be searched more quickly from the air,
and aerial searches are not limited by terrain,
vegetation, or lack of roads.
3. Frequently download data from GPS and
proximity logger units
Data should be downloaded from both the
GPS and proximity logger units whenever
the opportunity presents itself. Data could be
lost or not recovered from either type of unit
for a variety of reasons, including the inability
to recapture animals wearing the units. For
GPS units with the remote-download function, animals do not need to be recaptured,
and therefore data potentially can be more
easily downloaded, assuming that foxes can be
located in the field. For these units, it may
be prudent to attempt data downloads at least
monthly, and even more frequently if possible.
For the GPS units without the remote-download function and for the proximity loggers,
data downloads can be conducted only if animals are recaptured. Frequent trapping of
animals may not be desirable due to the risk
of injury or disruption to natural behavior.
However, if animals are opportunistically
recaptured prior to the conclusion of the data
collection period, the units can be temporarily
removed, the data downloaded, and the unit
placed back on the animals; or the units could
even be downloaded while still on the animals
if the units have an appropriate computer
cable port. However, both of these recapture
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scenarios necessitate having a portable computer in the field, which is not always practical.
4. Frequently monitor animals using the VHF
transmitters
For both the GPS and proximity logger
units, frequent monitoring of animals via conventional radio tracking is recommended to
determine the general location of the collared
animals. This monitoring will facilitate remote
download or recapture attempts. Monitoring
at least weekly is recommended. Monitoring at
this frequency also facilitates the timely recovery and examination of dead foxes.
5. Rigorously pretest all units
For many reasons, newly delivered equipment may not work properly or as expected.
Thus, all equipment should be tested prior to
deployment in the field. Pretesting should be
conducted on all units and should include
VHF transmitter operation
VHF frequency under field conditions
VHF signal strength (i.e., distance signal can
be heard)
Mortality sensor operation (if equipped)
GPS receiver operation (does it collect locations)
GPS location accuracy (determine by letting
unit collect locations at a known location)
GPS data acquisition (are the proper associated
data being collected with each location)
GPS base station operation (does it work)
GPS remote-download function (does it work
and what is the maximum distance)
Proximity logger operation (does it work and
what is the distance for contacts)
Proximity logger accuracy (are contacts and
associated data being recorded properly)
Proximity logger base station operation (does it
work)
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ON THE FAST TRACK TO RECOVERY: ISLAND FOXES ON
THE NORTHERN CHANNEL ISLANDS
Timothy J. Coonan1, Victoria Bakker2, Brian Hudgens3, Christina L. Boser4,
David K. Garcelon4, and Scott A. Morrison5
ABSTRACT.—The island fox (Urocyon littoralis) represents an unusual case of a species that achieved virtual recovery
a mere 15 years after population declines were first discovered. Island fox subspecies on San Miguel, Santa Rosa, and
Santa Cruz islands declined precipitously in the mid-1990s due to predation by Golden Eagles (Aquila chrysaetos),
which had not historically bred on the islands. In 2008, a 10-year period of recovery action implementation ended. The
recovery program had included captive breeding and reintroduction of island foxes and capture and relocation of
Golden Eagles. Free-ranging fox populations have been monitored to assess recovery of each subspecies and to detect
potential threats of disease and predation. Monitoring included (1) annual grid trapping to allow estimation of annual
population size via capture-mark-recapture methods and (2) systematic surveillance of radio-collared foxes to allow estimation of mortality rates and causes. A comprehensive demographic modeling effort produced a population recovery
tool that uses adult mortality and population size estimates from the monitoring programs to estimate extinction risks for
each fox population. The tool allows managers to assess when threats are sufficiently mitigated to consider populations
acceptably safe from extinction. Population monitoring indicates that island foxes on the northern Channel Islands have
increased up to 30-fold from population lows and that annual survival has been 90% or better in most years. The San
Miguel and Santa Cruz subspecies have approached or reached predecline population levels, and application of the
recovery tool indicates they will be biologically recovered by 2013. Biological recovery of the Santa Rosa subspecies,
hindered by predation which caused lower survival in 2010, will occur by 2017.
RESUMEN.—El zorro (Urocyon littoralis) representa un caso inusual de una especie que consiguió recuperarse virtualmente en sólo 15 años después de que el declive de sus poblaciones fuera descubierto por primera vez. Subespecies
del zorro en las islas San Miguel, Santa Rosa y Santa Cruz disminuyeron estrepitosamente a mediados de los años 90
debido a la depredación de las águilas doradas (Aquila chrysaetos), que no se habían criado históricamente en las islas.
Un período de 10 años de implementación de la acción de recuperación terminó en 2008, e incluyó la cría en cautiverio
y la reintroducción de zorros, y la captura y reubicación de las águilas doradas. Se han monitoreado poblaciones de zorros en libertad para evaluar la recuperación de cada subespecie y para detectar posibles amenazas de enfermedades y
depredación. El monitoreo incluyó (1) el trampeo anual por coordenadas para estimar el tamaño de la población anual
con métodos de captura-marcaje-recaptura; y (2) vigilancia sistemática de zorros con collares de rastreo para calcular los
niveles de mortalidad y sus causas. Un exhaustivo modelo demográfico produjo una “herramienta de recuperación de la
población” que calcula el riesgo de extinción de cada población de zorros, utilizando las estimaciones de los monitoreos
de la mortalidad adulta y el tamaño de la población. La herramienta permite evaluar cuándo las amenazas son lo suficientemente debilitadas como para considerar que las poblaciones están a salvo de la extinción. El monitoreo de la
población indica que los zorros de las Islas del Canal del norte han aumentado hasta 30 veces el número mínimo de la
población y que la supervivencia anual ha sido del 90% o superior en la mayoría de los años. Las subespecies de San
Miguel y Santa Cruz se han acercado o han llegado a niveles de población pre-declive y la aplicación de la herramienta
de recuperación indica que se habrán recuperado biológicamente para el año 2013. La recuperación biológica de las
subespecies de Santa Rosa, dificultada por el bajo nivel de supervivencia provocado por la depredación en 2010, ocurrirá en el 2017.

The recovery of a federally listed endangered species poses many challenges, among
them the implementation of effective and timely
recovery actions and the determination of
when biological recovery has been achieved
so that actions can be curtailed. The island fox

(Urocyon littoralis) is endemic to the 6 largest
of the 8 Channel Islands in southern California (USA) (Fig. 1) and occurs naturally at
small population sizes that range from <500
to 2000 adults (Roemer et al 1994). In 2004,
four subspecies of island fox were federally

1National Park Service, Channel Islands National Park, 1901 Spinnaker Drive, Ventura, CA 93001. E-mail: tim_coonan@nps.gov
2Montana State University, Department of Ecology, Box 173460, Bozeman, MT 59717.
3Institute for Wildlife Studies, Box 1104, Arcata, CA 95511.
4The Nature Conservancy, 532 E. Main St., Suite 200, Ventura, CA 93001.
5The Nature Conservancy, 201 Mission Street, 4th Floor, San Francisco, CA 94105.
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Fig. 1. Locations of grids for monitoring island foxes on San Miguel Island, Santa Rosa Island, and Santa Cruz Island,
California.

listed as endangered (USFWS 2004), 5 years
after those populations had reached a nadir due
to predation in 3 cases and epidemic disease
in another (Coonan et al. 2010). Beginning in
1999, well ahead of formal recovery planning
efforts, managers on the northern Channel
Islands (home to 3 of the 4 listed subspecies)
initiated a range of management interventions
to halt and reverse fox population declines.
These interventions included relocation of a
predator, the Golden Eagle (Aquila chrysaetos);
captive breeding; vaccination to reduce risk
of disease; and intensive demographic monitoring. Informal cooperation, planning, and
actions undertaken by island managers and
scientists were bolstered in 2004 by the formation of an Integrated Island Fox Recovery
Team, which undertook the task of drafting a
formal recovery plan.
Comprehensive recovery actions were
quickly implemented and immediately effective (Coonan et al. 2010). To protect remaining
foxes from eagle predation and to initiate a
captive breeding program, all remaining foxes
on San Miguel and Santa Rosa Islands were
brought into captivity in 1999–2000, and 20
foxes from Santa Cruz Island were brought
into captivity in 2002. Rapid growth of captive
breeding populations allowed captive releases
to begin in 2003, and they were completed by
2008. Golden Eagle relocation commenced on
the islands in 1999 and reduced both mortality
of foxes and the number of resident eagles on

the islands (Coonan et al. 2010). The last
nesting eagle was removed in 2006, and predation impact is currently limited to that of
an occasional transient eagle. Concurrently,
feral pigs were removed from Santa Cruz
Island in 2005–2006 (Morrison et al. 2007),
and all but a few nonnative ungulates were
removed from Santa Rosa Island by 2013. The
latter ecosystem-level recovery actions were
necessary to remove nonnative prey that had
supported breeding Golden Eagle populations
on the islands (Roemer et al. 2001, Collins and
Latta 2009).
Here, we report on the status of island fox
recovery on the northern Channel Islands,
driven by these conservation measures. We
assessed recovery status by monitoring population size and survival and by using a recovery
tracking tool to assess attainment of biological
recovery for listed island fox subspecies. We
confine our analysis to the 3 listed subspecies
that occur on the northern Channel Islands:
San Miguel Island fox (U. l. littoralis), Santa
Rosa Island fox (U. l. santarosae), and Santa Cruz
Island fox (U. l. santacruzae). Recovery of the
Santa Catalina Island fox (U. l. catalinae) is
covered elsewhere in this volume (King et al.
2014).
METHODS
San Miguel, Santa Rosa, and Santa Cruz
islands are nearshore islands located 35–50 km
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from mainland California. San Miguel (38 km2)
is the smallest island on which island foxes
occur, whereas Santa Cruz (243 km2) and Santa
Rosa (216 km2) are 2 of the largest. All 3 islands
are recovering from a history of grazing. San
Miguel has relatively gentle topography and
is dominated by grasslands and shrub communities, such as coastal sage scrub. The 2
larger islands have higher elevations, more
topographic diversity, and additional vegetation associations, including chaparral, oak woodlands, and pine forests.
Population Monitoring
Annual estimates of adult (nonpup) population size were derived from capture-markrecapture data. Foxes were trapped on varioussized grids (Fig. 1) during late summer and fall.
On San Miguel Island, we trapped foxes on
four 3 × 6 trapping grids, with 250-m spacing
between trap locations. On Santa Rosa and
Santa Cruz Islands, foxes were trapped on
eighteen 2 × 6 trapping grids, also with 250-m
trap spacing. Box traps (23 × 23 × 66 cm,
Tomahawk Live Trap Co., Tomahawk, WI) were
baited with dry and wet cat food and a fruit
scent (Knob Mountain Raw Fur Co., Berwick,
PA). Captured foxes were protected from the
elements by careful placement of traps and by
a shade cloth cover on each trap. A polyethylene
tube chew bar was wired inside each trap to
reduce incidence of tooth damage. Traps were
checked once (in the morning) during every
24-h period. Upon first capture, animals were
weighed in the trap and then removed and
handled without anesthesia for a complete
workup. Data collected included sex-age class
as determined by molar wear. Captured foxes
were individually marked with passive integrated transponder (PIT) tags (Biomark, Boise,
ID) inserted subcutaneously between and just
anterior to the scapulae. Each grid on San
Miguel was trapped for 5 nights, and each grid
on Santa Rosa and Santa Cruz for 6 nights.
Early in the recovery process, when island
fox populations were very low, grid sampling
was considered an ineffective monitoring
method due to the low number of captures
and recaptures. During those years, foxes were
trapped annually using traps arrayed along
road and trail transects, and our estimate of
island-wide adult population size was the
minimum number known to be alive (MNKA;
e.g., the number of individual foxes recorded).
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We used this method to estimate population
size on San Miguel and Santa Cruz from 2004
to 2005 and on Santa Rosa from 2004 to 2008.
We analyzed capture data from Santa Cruz
Island grids (2006–2011) using spatially explicit
capture-recapture (SECR) models in R (Efford
2010) and data from San Miguel (2006–2011)
and Santa Rosa (2009–2011) in program Density
(Efford et al. 2004). In such models, captures
are a joint function of density (D), detection
(g0), and movement (σ) parameters. We used the
maximum likelihood estimator and considered
each grid to be a separate trapping session.
Average adult density from the grids was multiplied by island size to estimate island-wide
adult fox population size. Standard errors for
average density and island-wide population
size were calculated via the delta method
(Cooch and White 2006). Because of high
variance in pup survival, we removed pups
from our analysis to yield a more accurate
predictor of extination risk (Bakker and Doak
2009).
Mortality Cause and Survival Monitoring
To estimate survival and identify causes of
mortality, mortality-sensing radiotelemetry collars (Holohil Systems Ltd., Ontario, Canada)
were placed on a subset of foxes, such that
>50 foxes were radio-collared annually on
each island. Collared foxes were monitored
regularly (every 7–10 days) to determine their
general location and signal type (normal or
mortality). If a mortality signal was detected,
the dead fox was located and recovered. Data
collected at the site prior to carcass removal
included (1) information that might indicate
cause of mortality; (2) notes and digital photographs of the position of the carcass with
respect to its surroundings; and (3) the general condition of the animal (e.g., eviscerated,
intact, or damaged by insect scavengers). The
location of the carcass was recorded via a
GPS, and a general description of the habitat
was recorded.
Carcasses were tagged with pertinent identification, date, and location information. If
fresh carcasses (those located within 5 days of
likely mortality) could be brought to the mainland within 48 hours of being located, they
were refrigerated, transported to the mainland, and then shipped by overnight carrier to
the California Animal Health & Food Safety
Laboratory System in Davis, California (Leslie
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possible. If disease was suspected in the death
of the animal, tissues were prepared for histological analysis.
We estimated annual survival of radio-collared foxes using known-fate binomial models
(Program MARK; Pollock et al. 1989) and calculated an 80% confidence interval in accordance with the recovery criteria developed for
the species (Bakker and Doak 2009).

Number of adult foxes

a

Risk-based Recovery Criteria

Number of adult foxes

b

Number of adult foxes

c

Year

Fig. 2. Annual island-wide adult fox population estimates, 2004–2011: a, San Miguel Island; b, Santa Rosa
Island; c, Santa Cruz Island. Eighty percent confidence
intervals are provided for population sizes estimated with
spatially explicit capture-recapture (SECR) models. Estimates without confidence intervals represent the minimum number known alive (MNKA).

Woods, DVM), for necropsy. Carcasses that
were not fresh were frozen and shipped for
necropsy at a later date. Because tissue freezing increases autolysis and therefore decreases
the amount of data that can be extracted from
histological examinations, it was advantageous
to have the animal necropsied as soon as
possible after death and to avoid freezing if

Recent demographic modeling incorporated
life-history characteristics of the well-studied
island fox with environmental drivers and
uncertainty to develop extinction probabilities
for combinations of population size and annual
mortality (Bakker et al. 2009, Bakker and Doak
2009). The 2 demographic traits that best predicted extinction risk were island-wide adult
population size and adult annual mortality
rate, assessed jointly (Bakker and Doak 2009).
Use of 3-year averages of these parameters
allowed for greater resolution in extinctionrisk predictions by discounting noise due to
stochastic fluctuations. Thus, 3-year averages
of both island-wide adult population size and
adult mortality became the basis for assessing
demographic recovery criteria for the island fox.
Island managers and the Integrated Island
Fox Recovery Team identified a predicted risk
of quasi-extinction (decrease to a population
size of <30) of <5% over 50 years as the population conditions consistent with recovery. To
account for uncertainty, the joint 80% confidence intervals for both island-wide adult
population size and adult mortality must lie
outside the 5% extinction risk isoclines. The
recovery team further specified that island fox
subspecies must meet this standard for 5 consecutive years before they may be considered
for delisting. This standard has now been
adopted by the U.S. Fish and Wildlife Service
(USFWS) as the demographic recovery criterion in the Draft Recovery Plan for the Island
Fox (USFWS 2012). To assess attainment of
this criterion, subspecies-specific graphs were
developed that plotted risk isoclines across a
range of 3-year average adult population sizes
and mortality rates.
RESULTS
Estimated island-wide populations of all 3
subspecies increased over time (Fig. 2) due to
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Fig. 3. Annual Kaplan–Meier survival for island foxes on San Miguel (SMI), Santa Rosa (SRI), and Santa Cruz (SCI)
islands, 2004–2011.

reintroduction from captivity (2003–2008) and
high reproduction and survival in the wild.
The average annual rate of increase (l) was 1.89
for San Miguel, 1.93 for Santa Rosa, and 1.26 for
Santa Cruz. Values of lambda >1.0 indicate
increasing populations. Excluding 2007–2008,
the fox population has steadily increased about
90% per year on San Miguel Island. Annual
population growth for Santa Rosa foxes has
varied from year to year, with the largest
observed growth rate in 2010–2011 following
ungulate removal from the island. Annual
population growth on Santa Cruz increased
an average of 30% from 2005 to 2010.
Throughout the study period, we maintained a sample of >50 radio-collared animals
on each island. Annual survival remained above
85% on San Miguel and Santa Cruz islands
(Fig. 3), although predation by Golden Eagles
decreased annual survival on Santa Rosa Island
in 2004–2006 (11 mortalities due to predation)
and in 2010–2011 (9 mortalities). No Golden
Eagles have attempted to nest on the northern
Channel Islands since 2006 (Coonan et al. 2010),
and predation on Santa Rosa Island in 2010
was the handiwork of juvenile Golden Eagles
(Talbot et al. in preparation).
Necropsy showed no evidence of mortality
due to canine diseases, such as canine distemper virus or canine parvovirus. Other notable
causes of mortality included septicemia, cholecystitis, and intestinal intussusception on Santa
Rosa in 2006 (4 cases) and complications due to
leptospirosis on Santa Rosa in 2010 (2 cases).

These relatively high survival rates and
increasing population sizes have reduced the
predicted probability of quasi-extinction in the
next 50 years to <5% for 2 of the 3 northern
Channel Islands subspecies (Fig. 4). Both the
San Miguel and Santa Cruz subspecies reached
that measure of biological recovery in 2009, 10
years after declines were discovered, 5 years
after being classified as endangered, and 2
years after captive breeding and reintroduction ceased. Low initial population size and
recent bouts of predation prevented the Santa
Rosa subspecies from approaching a similar
level of biological recovery.
DISCUSSION
Population recovery of the 3 northern island
subspecies of island fox has been dramatic and
rapid. At their lowest levels, the population
sizes of the San Miguel, Santa Rosa, and Santa
Cruz island subspecies had dipped to 15, 15,
and <100, respectively. By 2011, roughly a
decade later, those populations had increased
900%–3000%. By 2011, the adult population
had increased to almost 400 adults on San
Miguel, which was the approximate adult
population size prior to the predation-caused
decrease of the mid-1990s (Coonan et al. 2005).
On Santa Cruz, the adult population was estimated at >1000 adult foxes in 2012: a size that
was approaching the estimated 1994 predecline population high of 1465 adults (Roemer
et al. 1994). However, the latter estimate was
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Adult mortality rate (3-year mean)

a

Adult population size (3-year mean)

Adult mortality rate (3-year mean)

b

Adult population size (3-year mean)
Fig. 4. Caption on page 379.
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379

Adult mortality rate (3-year mean)

c

Adult population size (3-year mean)
Fig. 4. Risk of quasi-extinction in 50 years for island foxes: a, San Miguel Island; b, Santa Rosa Island; c, Santa Cruz Island.

based on density estimates from only 2 trapping grids and thus may not accurately represent the population size at that time. The
predecline estimate of 1780 adult foxes for
Santa Rosa (Roemer et al. 1994) may also be
an overestimate, since it was based not on
field sampling but on average fox densities
from neighboring islands with very different
habitat composition. Significant eagle predation affected the recovery of Santa Rosa Island
foxes in 2004, 2006, and 2010, likely limiting
population growth rates. Results from 2012
trapping indicate the adult fox population had
increased to >500 (T. Coonan, NPS, unpublished data). Santa Rosa Island is roughly 85%
the size of Santa Cruz Island and may have a
similar carrying capacity (>1000 as demonstrated by current population estimates). Thus,
Santa Rosa Island foxes may still be recovering
from the effects of eagle predation.
The rapid population growth rates we report
suggest that the northern island fox subspecies
may be recovering, but an objective analytical
framework is needed to determine when a

subspecies has recovered and when recovery
actions can cease. Island managers, the National
Park Service (NPS), and The Nature Conservancy (TNC) used estimates of island-wide
adult population size and adult mortality rates
in a recovery tool developed by Bakker and
Doak (2009) to demonstrate that the San Miguel
and Santa Cruz subspecies have reached a
predetermined biological recovery criterion of
<5% probability of quasi-extinction over the
next 50 years. This threshold has been adopted
as a demographic recovery criterion for the
species in the draft recovery plan for the island
fox (USFWS 2012).
Attainment of biological recovery alone
does not guarantee long-term persistence. On
these isolated islands, catastrophic mortality
factors such as introduced disease and predation by invasive species may negatively impact
island fox survival rates. Thus, the USFWS
draft island fox recovery plan includes threatbased recovery criteria, such as the implementation of long-term protocols to detect and
mitigate disease and predation risk in island
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fox populations. The draft plan calls for agencies to (1) develop an eagle management strategy that contains response tactics to capture
eagles and prevent them from establishing and
breeding on the islands, (2) monitor fox populations with sufficient precision to detect a
2.5% predation-caused mortality rate in the
island-wide population, and (3) define lowerlimit thresholds of survival rate and population size that would trigger a captive breeding
effort. Similarly, agencies must develop epidemic response plans that (1) establish a core
group of individuals vaccinated against rabies
and canine distemper and intended to sustain
the population through an epidemic, (2) maintain the ability to detect disease via unvaccinated sentinel animals, and (3) describe a
response strategy for detected diseases.
Land management agencies and their partners are currently working to meet these
threat-based recovery criteria. An epidemic
response plan has been developed for the
nonlisted San Clemente Island fox subspecies
(U. l. clementae; Hudgens et al. 2011), and
one is currently being developed for the 3
northern Channel Islands subspecies, as is an
eagle response plan for the northern Channel
Islands. Land management agencies will continue to collect monitoring data that is used
to calculate demographic recovery via extinction risk.
Since 2008, island fox populations have
increased enough to allow agencies to halt the
most expensive and time-consuming recovery
efforts—captive breeding and Golden Eagle
removal—and instead focus on creating plans
to protect future generations of island foxes
from new threats that may arrive via the mainland. Using current demographic trends, we
estimate that both the San Miguel and Santa
Cruz subspecies will attain the demographic
recovery criteria in 2013. Recovery of Santa
Rosa Island foxes, which was retarded by
eagle predation and low population size, is
likely to reach levels indicative of demographic recovery by 2017. The recent removal
of nonnative ungulates from that island may
increase fox survival and the pace of island
fox recovery because the primary attractant
for Golden Eagles is gone.
The slide to extinction of island fox was
reversed by prompt, intensive, and adaptively
implemented interventions by island managers and partners, and the recovery efforts
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were informed by rigorous population monitoring and modeling. As a result of these
efforts, island fox recovery is on track to be
one of the fastest for an endangered species.
In an analysis of recovery rates for endangered
species, Suckling et al. (2012) noted that the
average recovery time for endangered species
was 25 years. At current survival and population growth rates, the San Miguel and Santa
Cruz Island fox subspecies will be considered
biologically recovered in 2013, nine years after
they were listed as endangered by the U.S.
Fish and Wildlife Service, and the Santa Rosa
subspecies will be recovered by 2017. Managers now are evaluating how to responsibly
scale back monitoring and management intensity on the fox so as to be most effective with
the limited conservation funds available for
managing island resources. Although recovery
actions for the island fox are largely completed, the comprehensive recovery effort has
left island managers well-positioned to manage and reduce future risk to island foxes. Over
20 years of previous work on island foxes
facilitated the detection of a threat and rapid
determination of the cause of population
declines. That same research also informed a
comprehensive population viability assessment
for the species, which in turn allowed development of a tool for unambiguously assessing
whether island fox populations are biologically
recovered. Moreover, targeted mitigation plans
now focus on the most insidious threats to
island foxes. From decline through recovery,
consistent and standardized monitoring has
been a constant; such vigilance will be required,
at some level, to see island foxes safely into
the future.
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STATUS OF THE SANTA CATALINA ISLAND FOX
THIRTEEN YEARS AFTER ITS DECLINE
Julie L. King1,3, Calvin L. Duncan1, and David K. Garcelon2
ABSTRACT.—Santa Catalina Island was home to an estimated 1342 adult island foxes (Urocyon littoralis catalinae) in
1990. Nine years later, fox sightings declined and reports of dead or dying foxes increased. An island-wide trapping
effort was initiated after a fox carcass tested positive for Canine distemper virus (CDV). In 1999, only 10 foxes were captured east of the Two Harbors isthmus during 1046 trap-nights. A multifaceted conservation plan was implemented in
2000 to conserve the Santa Catalina population of island fox. Initial recovery actions took place from 2000 to 2005 and
resulted in the translocation of 22 juvenile foxes from the unaffected West End of the island to the depopulated eastern
portion, the production and release of 37 pups from the captive breeding facility, and the vaccination of >80% of the
wild fox population against CDV. Since 2006, fox recovery activities have included an annual island-wide population survey, vaccination of 300 foxes per year, weekly mortality monitoring of 50 radio-collared individuals, blood sampling to
monitor the prevalence of CDV, veterinary treatment of injured foxes, and public outreach. Low mortality rates, successful breeding in the wild, and mitigation of the original cause of decline allowed for Catalina’s fox population to grow to
an estimated 1115 adults by 2012 and to be considered biologically recovered. The outbreak of another virulent canine
disease on Santa Catalina Island, such as CDV or rabies, continues to be the greatest threat to the long-term survival of
U. l. catalinae due to the species’ restricted distribution and small population size, as well as the continued presence
of domestic dogs on the island.
RESUMEN.—En 1990, la isla Santa Catalina fue el hogar de aproximadamente 1342 zorros adultos insulares (Urocyon
littoralis catalinae). Nueve años más tarde, disminuyó la cantidad de avistamientos y aumentaron los informes de zorros
muertos o moribundos. Se realizó un esfuerzo de captura en toda la isla después de que se encontró el virus del
moquillo canino (CDV) en el cuerpo de un zorro. En 1999, sólo se capturaron 10 zorros al este del istmo Two Harbors
durante 1046 capturas nocturnas. En el año 2000, se implementó un plan de conservación multifacético para conservar
la población de zorros insulares de Santa Catalina. Las acciones de recuperación iniciales tuvieron lugar entre el 2000 y
2005 y resultaron en 22 zorros juveniles trasladados desde la parte occidental no afectada de la isla a la parte oriental
despoblada, 37 crías producidas y liberadas de las instalaciones de cría en cautiverio y >80% de la población de zorros
silvestres vacunados contra la CDV. Desde 2006, las actividades de recuperación del zorro han incluido un monitoreo
anual de la población de toda la isla, la vacunación de 300 zorros al año, el monitoreo de mortalidad semanal de 50 individuos con radio-collares, la toma de muestras de sangre para monitorear la prevalencia de la CDV, tratamiento veterinario para zorros heridos y divulgación utilizando un zorro (no liberable) nacido en cautiverio. Las tasas de mortalidad
bajas, la reproducción exitosa en el medio natural y la mitigación de la causa original de la disminución, permitieron el
crecimiento de la población de zorros de Catalina a un estimado de 1088 adultos en 2012 y se le considera biológicamente recuperada. La mayor amenaza para la supervivencia a largo plazo de U. littoralis catalinae en la isla de Santa
Catalina continúa siendo la aparición de otra enfermedad de virus canino como la CDV o la rabia debido a su distribución restringida, el tamaño pequeño de la población y la presencia continua de perros domésticos en la isla.

The island fox (Urocyon littoralis) represents one of 69 mammals in the United States
currently listed as endangered under the
Endangered Species Act (USFWS 2004). This
small (1.8–3.5 kg) omnivorous canid inhabits
6 of the 8 California Channel Islands. This
species has been isolated from its closest
mainland relative, the gray fox (Urocyon cinereoargenteus), for approximately 9200 years
(Hofman et al. 2015), with genetic evidence
supporting separation of the species into 6
distinct subspecies, each inhabiting a single

island (Gilbert et al. 1990, Collins 1993, Rick
et al. 2009).
Prior to 1990, the subspecies on Santa
Catalina Island (U. l. catalinae) had only been
studied intermittently over the preceding 30
years (Propst 1975, Laughrin 1980). In 1989
and 1990, capture success on 3 established
trapping grids on the eastern two-thirds of the
island ranged from 10.4% to 31% (Roemer et
al. 1994), and the population was estimated at
1342 adults. Trapping did not take place again
until 1998 and was only conducted in selected

1Catalina Island Conservancy, Box 2739, Avalon, CA 90704.
2Institute for Wildlife Studies, Box 1104, Arcata, CA 95518.
3E-mail: jking@catalinaconservancy.org
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areas. The 26% capture success recorded in
1998 suggested that foxes continued to be
present at relatively high densities in areas on
the eastern 84% of the island (Timm et al. 2009).
Beginning in early 1999, island residents
reported a dramatic decrease in the number of
island fox sightings, which was confirmed by
biologists who were conducting crepuscular
and nocturnal surveys for other species. The
biologists only reported observing foxes west
of the Two Harbors isthmus. The precipitous
decline in fox observations east of the Two
Harbors isthmus prompted the initiation of a
population survey to determine the status of
the population and possible causes of the
decline. Surveys conducted in 1999 and 2000
indicated that the fox population had experienced a large (possibly >90%) decline on the
eastern 84% of the island starting in late 1998
to mid-1999 (Coonan et al. 2010), with an estimated minimum of 28 individuals (Timm et
al. 2009). Canine distemper virus (CDV) was
identified as the probable cause of the fox decline on Catalina Island after a deceased fox
tested positive for the disease and 2 live foxes
had elevated blood titers for CDV. Foxes on
the western 16% of the island appeared not to
have declined (Timm et al. 2009).
Between 2000 and 2005, a series of fox
recovery strategies were implemented that included (1) live-trapping foxes to determine
abundance, distribution, and extent of the CDV
outbreak; (2) translocating juvenile foxes from
the western portion of the island; (3) vaccinating the wild fox population against CDV; and
(4) implementing a captive-breeding program
and release program. Here, we report on the
management actions undertaken from 1999 to
2012 and the status of the population in 2012.
METHODS
Study Area
Santa Catalina Island (194 km2), located
approximately 31 km south of Long Beach,
California, has mountainous terrain, with a
central ridge running its length. A narrow
isthmus (<0.8 km wide) located at the community of Two Harbors geographically separates the island into 2 distinct sides: the larger
East End, comprising 84% of the entire island,
and the smaller West End, comprising the
remaining 16% (Fig. 1). The principal plant
communities on Catalina are coastal sage scrub,
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coastal bluff scrub, island chaparral, island
woodland, and coastal grassland (Schoenherr
et al. 1999). Roughly 88% (170.5 km2) of Catalina is owned and managed by the Catalina
Island Conservancy, a nonprofit land trust
dedicated to the protection and management
of the island’s ecosystem. The remaining 12%
is owned and managed by the Santa Catalina
Island Company (11%) and the City of Avalon
(1%), each with differing organizational missions. Catalina is home to a resident human
population of over 3700 within the City of
Avalon and 350 within Two Harbors (USCB
2010). Approximately 800,000 visitors per year
(Catalina Island Chamber of Commerce and
Visitors Bureau 2012) arrive by private vessel,
daily commuter ferry, cruise ship, or airplane,
making Catalina the most populous and easily
accessible of all the California Channel Islands.
Estimates of Abundance
We monitored foxes annually using standardized, transect-based mark-recapture methods to compare relative abundance and distribution east of the isthmus, affected by the
1999 CDV outbreak, with that in the unaffected area west of the isthmus. We initiated
live-trapping island-wide in 2000 in response
to the extremely low East End capture success
(0.7%) recorded in a 1999 preliminary investigation. Trapping was used to (1) estimate island
fox density and distribution; (2) fit a subset of
foxes with radio-collars in order to identify
cause-specific mortality; and (3) vaccinate individuals against CDV and rabies. During October 1999 through April 2000, transects were
established using 551 trap locations (102 West
End, 449 East End) placed along the majority
of the existing 300 km of dirt roads and hiking
trails on the island. Traps remained open for 3
consecutive nights. This effort enabled direct
comparison to predecline trapping efforts conducted during 1998. Trapping was conducted
during 2002 using similar locations to those of
2000 and 2001, with additional sites added to
allow for the continued capture of translocated
and captive released foxes. Traps were open
for 3 consecutive nights on the East End and
4 nights on the West End. Standardized (4night) systematic, island-wide trapping was
conducted from July through October annually between 2003 and 2009 using 603 trap
sites. Road-based transects, rather than trapping grids, were used in response to 54% of
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(a)

Fig. 1a–c (see facing page). Island fox trap locations (n = 603) used during systematic trapping conducted annually
2002–2009 on Catalina Island, California. Trapping during 2010–2011 used 400 of the 603 traps, while 243 of the 603
were used in 2012.

the East End and 74% of the West End, having terrain with slopes >30% (16.7°), which
made fieldwork, especially trapping, hazardous to personnel and foxes. On the West End,
we set traps on roads, ridgelines, and hiking
trails with an average intertrap distance of 225
m. On the East End of the island where fox
densities were low, we trapped only along
established dirt roads and increased the average intertrap distance to 300 m. Intertrap
spacing was based on modifications from
Wood (1959) and Roemer et al. (1994) and met
our criteria for having at least 4 traps per fox
home range.
We defined the effective sampling area as
the entire area covered (minus overlap) within
a 500-m buffer placed around all traps. The
buffer was added to characterize the entire
area likely to be used by foxes entering traps,
including areas used by foxes living adjacent
to transects and captured in perimeter traps.
This buffer was based on the approximate
mean home range size for island foxes on San
Clemente Island, California (0.65 foxes ⋅ km–2)
(authors’ unpublished data), Santa Cruz Island,
California (0.55 foxes ⋅ km–2) (Roemer et al.
2001), and a cursory analysis of home ranges of
translocated foxes on Catalina Island. Thus,
the effective sampling area of the island totaled
73%, with 79% and 72% of the West End and
East End sampled, respectively (Fig. 1a).

We adjusted our trapping efforts in response
to changes in fox abundance as the East End
population recovered and to high capture
success in both subpopulations. Island-wide
trapping efforts were downscaled to 400 of the
original 603 trap sites during 2010 and 2011,
representing a 55% effective sampling area
(Fig. 1b). Trapping efforts were further decreased to 243 sites in 2012 (34% effective
sampling area) (Fig. 1c). Annual surveys conducted during 2003–2009 were divided among
11–13 traplines consisting of 31–70 (average
50) trap sites per line, then decreased to 8–10
lines during 2010 and 2011, and ultimately to
6 lines of 32–49 (average 40) traps in 2012,
with vegetation types sampled in rough proportion to their occurrence on the island.
Traps were checked just after sunrise every
24 h for 4 consecutive nights.
Capture data were analyzed using program
DENSITY 4.3 (Efford et al. 2004, Efford
2008) to estimate annual subpopulation density. East End and West End fox subpopulations were analyzed independently due to
the known differences in abundance resulting
from the 1999 CDV epidemic affecting only
animals on the East End and the extremely
limited cross-isthmus fox dispersal. We constructed a set of candidate statistical models
of fox density in which detection probability
(g0) remained constant (.) or varied due to
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(b)

Fig. 1b.

(c)

Fig. 1c.

behavior (classic = b, Markov = b1) or heterogeneity (h2), while fox movement patterns
represented by sigma (s) remained constant (.)
or demonstrated heterogeneity (h2). We used
the minimum corrected Akaike information
criterion (AICc) to select the best models for
estimating density in each subpopulation. To
address model uncertainty, ΔAIC and Akaike
weights (wi) were calculated, and models with
Akaike weights <10% of the highest were
excluded as suggested by Royall (1997). Parameter estimates and variances from each model

were weighted and model-averaged in order
to reduce bias and increase precision (Mazerolle 2006, Burnham and Anderson 2002).
Population estimates were calculated by
multiplying the model-averaged density by the
land area of the East End (162.53 km2) and
the West End (31.61 km2). Annual island-wide
adult fox population estimates were reported
as the sum of the East End and West End subpopulation estimates determined via the best
DENSITY models. Foxes were captured in
all habitat types across the island, as well as
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within the cities of Avalon and Two Harbors,
so all available land area was considered
potentially available.
Adult-only population estimates were also
calculated using DENSITY to determine if
population risk–based recovery criteria identified in the draft Recovery Plan (USFWS 2012)
were being met. We used an interactive
“Island Fox Recovery Tracking Tool” (Bakker
and Doak 2009, Coonan et al. 2010) to determine whether the Catalina subspecies had
attained a <5% risk of quasi-extinction (identified as ≤30 individuals) over a 50-year time
period based on current mortality rates and
population sizes. We plotted average adult
mortality rate as determined through radiocollared individuals (see below) against the
average estimated adult population size calculated over 3 years along with their 80% confidence intervals.
Standardized trapping did not take place
during the March through June parturition
season. Therefore, we estimated annual recruitment as the number of pups per total number
of foxes captured during the summer/fall following the birth pulse. We tested for equal sex
ratios expected for this species (Laughrin
1977, Crooks 1994), and estimated the proportion of new unmarked juveniles the following
year to determine if pup capture had been
underrepresented.
Capture and Handling
Foxes were captured in 23 × 23 × 66-cm
wire-mesh cage-traps (Model #106, Tomahawk
Live Trap Co., Tomahawk, WI) covered on top
with landscaping shade cloth. Polypropylene
tubing (1.8-cm diameter) was attached inside
the back of each trap to serve as a bite bar to
decrease trap-related tooth damage. Traps were
lined inside and on top with dried grasses to
provide thermal protection, then baited with
wet and dry cat food and a loganberry lure
(U-Spray, Inc., Lilburn, GA). Bait was placed
in empty 5.5-ounce cat food cans to prevent
traps from being dug out or robbed. All traps
and bait cans were washed and disinfected
weekly using a chlorhexadine solution to prevent disease and parasite transmission.
Island foxes are relatively docile compared
to other canids and can be safely handled
without anesthesia. To reduce stress, foxes
were blindfolded using a small Quick Muzzle® designed for cats (Four Flags Over Aspen
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Inc., St. Clair, MN), and handling time was
minimized to approximately 10–15 min. Upon
initial capture each year, foxes were weighed
(+
– 0.05 kg), sexed, and aged. Age was determined by the relative wear and dentin exposure observed on the first upper molar (Wood
1958, Collins 1993). All foxes captured between 1999 and 2002 were uniquely marked
for identification with colored eartags (RotoTag, Nasco West, Stockton, CA). In subsequent years, eartags were removed and foxes
were marked with 12.5-mm passive integrated transponder (PIT) tags (Biomark Inc.,
Boise, ID) inserted under the skin between
the scapulae by using a sterile single-use
syringe. Additional information recorded included reproductive condition, presence of
ectoparasites, eye condition, general physical
condition, and evidence of infectious disease
or injuries. A blood sample of up to 10 mL
from either the femoral or jugular vein was
collected annually from a subset of captured
foxes >5 months of age. These blood samples
were used for determining disease exposure
and efficacy of the CDV vaccine through measurements of antibody titer levels, for genetic
analysis, or for archival purposes to allow
future analyses. Blood samples were separated
into their component fractions by centrifugation, and stored in a –86 °C freezer.
Captured animals with minor injuries were
treated in the field, and those with more serious or life-threatening injuries were transferred to the Conservancy’s Middle Ranch
Veterinary Field Clinic for medical treatment.
Beginning in 2005, the ear canals of all foxes
captured were observed by field staff via otoscopic exam for evidence of ear mite infestation, infection, and/or nodular tissue growth.
Except for individuals requiring veterinary
care, all foxes were released at the trap location immediately after handling. Foxes recaptured during the same year were scanned for
their PIT-tag number then released without
processing.
Vaccinations
All captive foxes and a large subset of captured wild foxes were vaccinated and provided
boosters annually against CDV using 1 mL of
live Canary Pox–vectored CDV vaccine (Purevax® Ferret Distemper Vaccine, Merial Ltd.,
Athens, GA) injected intramuscularly in the
left thigh. See Coonan et al. (2010) for details
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of vaccine development. Beginning in 2005,
wild foxes were also vaccinated and given
annual boosters with 1 mL of rabies vaccine
(Imrab® 3 TF rabies vaccine, Merial Ltd.,
Athens, GA) injected subcutaneously in the
right thigh as per veterinary protocol. A “vaccinated-core” strategy for population management was designed in 2006 (Cleaveland et al.
2006, Vial et al. 2006, Doak et al. 2013) and
implemented on Catalina Island in 2007. We
further incorporated recommendations generated from an island fox population viability
analysis developed for Santa Catalina by
Kohlmann et al. (2005) and set a goal of vaccinating a minimum of 300 individuals annually.
Our vaccinated-core strategy assumed that in
the event the population contracted to no less
than the approximate size of the vaccinated
core after an epizootic, 300 (150 in each subpopulation) survivors would be necessary to
maintain a high degree of genetic heterozygosity and prevent demographic stochasticity.
Prophylactic vaccination could then serve as a
possible alternative to direct epidemic response
and/or resumption of captive population maintenance in the event of an epidemic (Kohlman
et al. 2005, Doak et al. 2013).
Captive Breeding
A captive breeding program was implemented in 2001 to protect a subset of the
population against another catastrophic event
and to produce offspring for assisting in the
repopulation of the East End of the island. A
12-pen captive breeding facility located 1.8
km west of Middle Ranch was constructed
during 2001 and was successfully operated
through 2004. Each pen measured 9.15 ×
30.5 m and housed a single adult breeding
pair and their offspring of the year. All pens
were equipped with 6 video cameras and
infrared lighting for noninvasive behavior observation, and 2 insulated den boxes for pup
rearing. The entire complex was surrounded
by a perimeter fence topped with 3 strands of
electric fence line, and the bottom was lined
with buried chicken wire skirting to prevent
access by bison, dogs, and other larger mammals that could potentially disturb the breeding foxes (see Coonan et al. 2010 for expanded
details). Six West End foxes (3M:3F), held in
captivity from February 2000 to February
2001 for experimental CDV vaccination testing, were placed into the first 3 of 12 pens
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constructed. All other adult foxes (6M:9F)
were captured from the West End of the
island and brought to the breeding facility
during 2001 and 2002. Data collected during
the 1999 and 2000 surveys investigating the
population decline provided trapping information needed to target young mated pairs in
good condition as candidates for the captive
breeding program. Pups produced and surviving to dispersal age (6–7 months) were released from the breeding facility during
November and December each year to various areas throughout the island’s East End.
The adults were not released until the breeding program ended in December 2004.
Captive animals were released using a
“modified hard” technique wherein the animals were not held in transition pens, but
were provided supplemental food placed in
multiple wired-open traps baited with cat kibble for 9 weeks at release areas to enhance
recapture probability. Foxes were targeted for
recapture 1-, 2-, 4-, and 8-weeks post-release
for health assessment. Animals losing more
than 20% of their release weight during the
first 8 weeks were returned to the Middle
Ranch Veterinary Field Clinic for examination
and supplemental feeding for several days to
weeks, then released at their site of capture.
Translocations
An integral part of the recovery effort
involved the capture and translocation of wild
juvenile foxes from the higher-density West
End to the nearly vacant East End during
January and February 2001 and 2002. The surviving East End wild population had been
reduced to an estimated 28 foxes living among
162 km2. This low density raised concern that
adult males and females would have difficulty
finding one another to establish successful
breeding pairs due to their small home-range
sizes (0.36–1.05 km2) and low natal dispersal
distances (average 1.39 km) (authors’ unpublished data, Roemer et al. 2001). All translocated individuals were wild-born yearling foxes
that were independent from their parents but
had not established pair bonds or permanent
territories. These foxes were vaccinated against
CDV and radio-collared prior to release.
Radiotelemetry
From 2001 to 2012, 259 foxes were fit
with 39-g VHF radio-collars (model MI-2M,

1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012

Year

551
594
312
589
609
603
602
602
603
603
603
400
400
243

1183
1808
1205
1812
2193
2412
2408
2408
2412
2412
2412
1600
1600
972

Traps
_______________
Number
Trapof traps
nights

10
10
24
50
70
103
145
207
246
342
401
350
422
277

EE

49
143
101
67
65
106
105
123
119
165
153
139
148
98

WE

59
153
125
117
135
209
250
330
365
507
554
489
570
375

Total
0
2
9
6
7
11
20
24
30
35
42
56
60
67

EE
50
42
33
27
21
43
48
49
46
61
64
71
67
68

Unique foxes
% Capture
captured
success
_______________ _________

0.07
0.06
0.08
0.73
0.33
0.66
0.93
1.23
2.30
2.74
2.96
2.99
5.45
5.79

N/A
N/A
N/A
0.26
0.09
0.15
0.13
0.14
0.38
0.68
0.38
0.36
0.59
0.92

1.04
4.59
5.10
3.28
1.81
3.75
3.82
7.10
5.79
4.34
5.47
6.30
7.79
5.44

N/A
N/A
N/A
0.81
0.55
0.54
0.54
0.94
0.84
0.66
0.51
1.04
1.24
1.08

28
14
31
119
54
107
150
200
374
445
481
486
886
942

75
143
161
103
57
118
120
224
183
137
173
199
146
172

103
157
192
222
111
225
270
424
557
582
654
685
1032
1114

Adult model-averaged density
_______________________________________
Adult population
EE
WE
estimate
UncondiUncondi- _______________
EE
tional
WE
tional
WE (foxes · km–2) SE (foxes · km–2) SE
EE WE Total
0
2
0
16
69
0
0
182
221
215
227
264
303
227

EE

4
104
45
28
63
0
0
101
113
160
60
125
121
87

WE

0
0
0
0
0
0
126
182
221
218
249
264
303
227

EE

0
0
0
0
0
0
104
101
114
160
71
128
133
87

WE

CDV vacc __________
Rabies vacc
_________

12
21
26
41
57
71
29
55
76
75
70
69
63
56

Radio
collars

8 (7)
6 (4)
9 (2)
5 (3)
9 (4)
12 (6)
14 (12)
16 (6)
16 (4)
17 (4)
31 (6)
24 (4)

2 (1)

Detected
mortalities

TABLE 1. Results of systematic island-wide fox trapping conducted in 1999–2012 on Catalina Island, California. Mortalities in parentheses represent the number of radio-collared foxes
comprised in the total. 1999–2001 population estimates represented all ages and were extrapolated from MNKA (minimum number known alive). EE = East End; WE = West End. All
model-averaged densities were multiplied by the respective land areas: EE = 162.53 km2; WE = 31.61 km2.
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g0(b1)s(.)
g0(b)s(.)
g0(.)s(.)
g0(.)s(h2)

g0(b1)s(.)
g0(.)s(.)
g0(h2)s(.)
g0(b)s(.)

4
4
3
5

4
3
5
4

K

1476.00
1476.26
1476.73
1478.43

827.39
828.38
829.90
830.54

ΔAICc

g0(b) = classic behavior, response to first capture influences subsequent events (trap happy/trap shy)
g0(.) = constant detection probability
g0(h2) = heterogeneity in detectability
s(.) = constant movement patterns
s(h2) = heterogeneity in movement patterns
K = number of parameters

ag0(b1) = Markov behavior, capture probability influenced by previous capture (trap happy)

Model-averaged estimate
Unconditional SE

Model-averaged estimate
Unconditional SE
2012 EAST END

2012 WEST END

Modela

0.00
0.26
0.73
2.43

0.00
0.99
2.51
3.15

ΔAIC

5.69
5.09
6.34
6.98
5.79

5.15
5.58
6.13
5.47
5.44

ML
density

0.35
0.31
0.24
0.10

0.48
0.29
0.13
0.10

Akaike
weight (wi)

1.99
1.58
1.52
0.70

2.45
1.62
0.83
0.54

Weighted
density

0.92

1.08
1.00
0.88
0.69
0.30

1.00
0.55
0.33
0.21

Model
likelihood

0.27
0.33
0.22
0.10

0.58
0.21
0.21
0.09

Weighted
unconditional SE

4.01–7.59

3.34–7.56

95% CI

TABLE 2. Model selection results for the top 4 models used to estimate West End and East End subpopulation fox density (foxes ⋅ km–2) during 2012 on Catalina Island, California,
USA. Candidate models were ranked using change in Akaike’s information criterion (ΔAICc). Model uncertainty was incorporated by calculating the Akaike weight (wi) and weighting
the ML density values. Only models with Akaike weights within 10% of the highest were maintained in the confidence set of candidate models. The model-averaged density estimate
represents the sum of the weighted densities for each model.
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Safety Laboratory, Davis, California, for necropsy and identification of cause of death.
Mortality factors were used to guide the
Conservancy’s threat abatement strategies
and to establish trigger points for epidemic
response.
We used known-fate models in Program
MARK to estimate annual mortality probabilities from radiotelemetry data (2006–2012)
(White and Burnham 1999). Our goal for this
analysis was to generate year-specific estimates of annual mortality to be entered into
the Island Fox Recovery Tracking Tool rather
than test specific hypotheses about the
causes of mortality. Therefore, we fit a single
model in which survival was conditional on
age, sex, and subpopulation (East End or
West End).
RESULTS
Estimates of Abundance

Fig. 2. Annual estimated density (foxes · km–2) of adult
island foxes reported for the East End (EE) and West End
(WE) subpopulations on Catalina Island during 2003
through 2012. Maximum likelihood density estimates
were derived from capture/recapture data analyzed using
Program DENSITY. Error bars represent one standard
error.

Holohil Systems, Ltd., Carp, Ontario, Canada)
to quantify cause-specific mortality factors, as
well as monitor the general use area and survival of translocated, captive-released, and wild
controls. Beginning in 2006, we implemented
a monitor-and-respond program using unvaccinated disease sentinels to act as an early
detection system in the event of a potentially
catastrophic disease outbreak.
For the first month post-collaring, all collars were monitored daily from the ground via
a truck-mounted omnidirectional antenna or
from a fixed-wing aircraft. Thereafter, monitoring continued at least once weekly. Radiocollars were placed on animals weighing more
than 2.0 kg (collar <2% of body weight) and
on animals known to be 7 months of age or
older. VHF radio-collars were equipped with
mortality sensors triggered after 12 h of nonmovement. All recoverable carcasses were
transferred to the University of California–
Davis Veterinary Medical Teaching Hospital
or the California Animal Health and Food

Density estimates could not be calculated
using Program DENSITY for trapping conducted during 1999, 2000, and 2001 due to
extremely low capture probably (<0.1) when
size of the eastern subpopulation was small.
Fox abundance was estimated from the capture
data during 1999–2001 using the minimum
number known alive (MNKA): the total number of individuals caught in traps (as determined by eartag identification) per 1-km2 grid
plus radio-collared individuals not trapped
but known to be alive via radiotelemetry. That
density was then extrapolated to the entire
island by multiplication with the sampled portion of the island (Table 1).
We had sufficient data from 2002–2012 to
calculate maximum likelihood density estimates with Program DENSITY. Several East
End traplines with extremely low captures or
no recaptures were joined with adjacent lines
to allow for analysis of years 2002, 2003, and
2004. Maximum likelihood, model-averaged
density estimates of the adult East End fox
subpopulation increased annually beginning
in 2003 from 0.33 foxes ⋅ km–2 (SE 0.09, 95%
CI 0.15–0.51) to 5.79 foxes ⋅ km–2 (SE 0.92,
95% CI 4.01–7.59) in 2012. Density estimates
on the West End ranged from a low of 1.81
foxes ⋅ km2, following 2 consecutive years of
translocations and removals for captive breeding, to 5.44 foxes ⋅ km2 (SE 1.08, 95% CI
3.34–7.56) in 2012 (Table 2, Fig. 2).

2014]

STATUS OF SANTA CATALINA ISLAND FOX

391

Fig. 3. An isocline figure showing quasi-extinction risk for Santa Catalina Island foxes over 50 years as a function of
monitoring data. The colored extinction risk isoclines were calculated using an interactive “Island Fox Recovery Tracking Tool” (Bakker and Doak 2009); the number on each colored isocline represents the percent extinction risk. Threeyear averaged mortality rates and population estimates 2006–2012 were plotted with 80% X and Y confidence intervals.
The measured parameters, including the entire 80% confidence intervals, are required to fall below the 5% risk isocline
(dark blue line) to qualify the subspecies for delisting. The quasi-extinction threshold was 30 individuals.

The rapid recovery of Catalina’s island fox
population from 2006 to 2012 greatly reduced
extinction risk. The 5 consecutive 3-year
average values of population size and mortality rate plotted against isoclines of extinction
risk for 2006–2012 (generated from the interactive “Island Fox Recovery Tracking Tool”
developed by Bakker and Doak 2009) show
that the 80% confidence limits for both mortality and population size fell increasingly
below the 5% isocline. This is considered an
acceptable level of risk in the USFWS draft
island fox recovery plan (Fig. 3).
Annual subpopulation recruitment, measured as pups per total foxes captured, varied
annually over the 11 years (2002–2012) and
was correlated with precipitation during the
April–November breeding and parturition
periods (Fig. 4). In years of above-average
rainfall (>10.88 inches, 276 mm), the number
of pups captured as a percentage of overall
captures increased to >20%. Below-average
rainfall was correlated with declining birth
rates on both the West End to (≤20%; r =
0.64) and the larger East End of the island

(<22%; r = 0.53). The 11-year average recruitment for the eastern subpopulation was 29%
versus 22% on the higher-density West End.
Pups were approximately 5–8 months old when
captured.
Vaccination
Large-scale vaccination of island foxes began in 2000 and continued for the duration of
the study (Table 1). However, CDV vaccine
shortage due to manufacturing complications
at Merial Ltd. throughout 2004 and 2005
restricted our ability to vaccinate any freeranging foxes during our standardized trapping period. The limited supply obtained in
2004 was used to vaccinate all 30 captives and
provide boosters to 36 previously vaccinated
animals. Once limited batches of CDV vaccine
became available in late 2005, 16 East End
and 18 West End foxes were targeted for vaccination. In 2006, new vaccination protocols
were implemented that called for managers to
vaccinate core group(s) totaling a minimum of
80–100 animals on the larger islands against
CDV and rabies in strategic geographic
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Fig. 4. Annual Catalina Island fox recruitment for the
East End (EE) and West End (WE) subpopulations estimated by the number of pups captured per total foxes
captured in the summer/fall following the birth pulse.
Average rainfall reported between 1 November and 30
April annually from 3 weather stations located at the Airport in the Sky, Middle Ranch, and Avalon.

location(s) in perpetuity (Schwemm 2007, Doak
et al. 2013). The CDV vaccine became widely
available in this year as well. We vaccinated or
boostered 283 (86%) and 334 (92%) foxes,
respectively, against CDV. A total of 1368 of
1606 unique individuals captured between
2002 and 2012 were vaccinated at least once
(range 1–7) against CDV. This represents 85%
of all captured foxes being vaccinated, but not
necessarily protected given the need for annual boosters. Rabies vaccine was also administered prophylactically at least once (range
1–7) to 1347 of 1606 (84%) unique wild foxes
captured between 2005 and 2012.
Captive Breeding
A total of 37 (17M:20F) captive-born pups
were released between 2001 and 2004 (2001
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Fig. 5. Percent survival by cohort of captive-born
Catalina Island fox pups and wild-caught adult foxes following 1-year, 3-years, and >5-years post-release from the
captive breeding facility (CBF) on Santa Catalina Island,
California.

= 6, 2002 = 8, 2003 = 15, and 2004 = 8).
Pups were released as a cohort in each year
from 2001 to 2003 to a predetermined East End
release site(s). Captive breeding efforts ceased
in 2004, and 20 of 22 adult breeders accompanied by their 8 pups were released in family
groups across the East End in November and
December. Two geriatric foxes were deemed
unreleasable due to health issues associated
with ceruminous gland carcinoma. These foxes
remained in captivity until they were humanely euthanized in September 2006.
Survival of released captive-born pups was
high. Over 94% (35/37) survived 1-year postrelease (Fig. 5). Three years after release, 78%
(29/37) survived, and a minimum of 54% survived 5 years or more. Several foxes ultimately
had unknown fates once radio-collars were
removed and standardized trapping did not
occur near their home range to allow for incidental capture.
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Annual survival rates of captive-released
adults were considerably lower than pup survival. The 20 mature adult breeders, having
spent 2–4 years in captivity, had a 1-year
post-release survival rate of 60%. Several factors contributed to high adult mortality: (1)
release events took place during late fall, at
the onset of the breeding season when males
and females are most aggressive to conspecifics; (2) 15 of 20 adults had been in captivity for as many or more years than they had
previously been in the wild; and (3) average
age at release was 6 years, with 70% being 5–9
years old. Vehicle trauma (5 foxes), injuries
inflicted by conspecifics (2), and unknown
causes (1), accounted for the adult-breeder
mortalities during the first year postrelease.
By late 2007, only 5 (25%) captive-released
adults had survived. Those foxes that survived
established territories on the outskirts of human areas. Two adult females that survived >5
years postrelease in the wild were 3–4 years of
age at release and had spent <2 years in captivity. In contrast, the adults that died had
spent 3–4 years in captivity and were 5–9 years
of age at time of release.
Most captive-released adults were also
overweight. Average captive female weight
was 2.55 kg (n = 10, range 2.10–2.95 kg) at
time of release. That weight was significantly
heavier (t = 3.97, df = 9, P < 0.05) than the
average weight of East End wild females captured during the same year and season (n =
30, x– = 2.19 kg, range 1.85–2.70 kg). Similarly,
the average captive male release weight of
2.95 kg (n = 10, range 2.35–3.90 kg) was significantly heavier (t = 4.83, df = 9, P < 0.05)
than the average weight of 25 wild adult captured males from the same season and year
(x– = 2.42 kg, range 2.20–2.95 kg).
Two 7-year-old males that received severe
injuries (e.g., fracture and luxation of metatarsals) inflicted by other foxes were captured
at 2- and 3-months postrelease and were returned to captivity for treatment. One of the
males was released after 5 months of rehabilitation; however, he was recaptured 13 days
later due to additional injuries and ultimately
deemed nonreleasable. He spent the remainder of his life in captivity. The other male spent
8.5 months being rehabilitated following
surgery to repair a fractured tarsal-metatarsal
joint, yet only survived 5 months following his
second release.
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Translocations
Twenty-two wild-born juvenile foxes (11M:
11F) were translocated from the West End in
2001 (n = 10) and 2002 (n = 12). West End
translocations ceased in 2003 when the subpopulation estimate for all age classes dropped
below 150 foxes. Captive production in 2003
was high (15 pups), offsetting the lack of
translocations in 2003. Survival of 2001 juvenile translocates 1 year postrelease was 90%,
with 60% surviving >5 years. Comparatively,
1-year survival of West End juvenile controls
(radio-collared, but not translocated), was 60%
(6 of 10) in 2001. The 2002 translocate cohort
had 100% survival at 2.5-years postrelease,
with 70% surviving 5.5–9.5 years.
Annual Survival
Between 2001 and 2012, 62 of 259 radiocollared foxes died. The number of detected
mortalities ranged from 3 to 12 annually, while
the number of radio-collared foxes each year
ranged from 26 to 76. Causes of death for
radio-collared individuals included dog attack
(4), drowning (1), emaciation (13), euthanisia
due to severe injuries (2), gunshot (1), septicemia (6), vehicular trauma (17), and undetermined due to advanced decay (17). Foxes
that died due to emaciation and/or septicemia
were geriatric animals that commonly also
had been diagnosed with ceruminous gland
carcincoma. Non-radio-collared deceased foxes
were detected annually but were not included
in the calculation of annual mortality rates.
Total detected mortality averaged 14 individuals per year, with a high of 31 documented
during 2011. Estimated annual mortality probability was 0.16 (80% CI 0.21–0.11) during
2006 and 2007 and declined to an average of
0.06 (80% CI 0.04–0.08) from 2008 to 2012 as
the subset of collared individuals transitioned
to disease sentinels and more closely represented the age and sex ratio of the adult population. Confidence intervals were calculated at
80% instead of 95% for consistency with the
Recovery Tracking Tool.
DISCUSSION
Intensive management has enabled the
island fox population on Santa Catalina Island
to return to predecline numbers and to be
considered biologically recovered. By the end
of 2006, we estimated that 424 adults lived on
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the island, indicating that after 6 years of conservation actions, U. l. catalinae had attained
population sizes (minimum of 150 in each
subpopulation) that had a high likelihood of
long-term viability if survival remained high
(Kohlmann et al. 2005). The density of adults
on the West End in 2006 (7.10 foxes ⋅ km–2)
was similar to densities estimated in chaparral/
woodland habitat on Catalina in 1989 and
1990 (5.9–7.4 foxes ⋅ km–2), prior to the population decline and also comparable to predecline densities on Santa Cruz Island, California (7.0–7.3 foxes ⋅ km–2) in 1993 (Roemer
et al. 1994). In contrast, 2006 estimated densities for Catalina’s East End (1.23 foxes ⋅ km–2)
were much lower than estimates for other
healthy island fox populations during that
time. Fox densities were reported as 7.6–13.7
foxes ⋅ km–2 in 2007 in grassland/scrub on San
Nicolas Island and 3.9–4.8 foxes ⋅ km–2 in
2004 in grassland habitats on San Clemente
Island (Coonan et al. 2010). Island fox populations on those 2 islands are not endangered
and have remained relatively stable throughout the past 10 years. By 2012, however, adult
densities on Catalina’s East End had increased
to 5.79 foxes ⋅ km–2 and exceeded estimated
densities on the unaffected West End (5.45
foxes ⋅ km–2) for the first time since 1999.
West End subpopulation densities began to
increase once yearlings were no longer translocated to the East End or taken into captivity
as breeding stock. Continued West End population increases were also due to improved
habitat and resource availability following the
removal of thousands of feral goats and pigs
between 1990 and 2002 (Schuyler et al. 2002,
Garcelon et al. 2005).
The Catalina Island fox population decline
documented in 1999 was assumed to have
only affected the East End subpopulation,
with the West End subpopulation being
spared because of low fox dispersal across the
Two Harbors isthmus. Annual trapping data
collected between 2000 and 2012 document
only 13 individual foxes (11 M:1 F), all juveniles, born on one side of the isthmus (6 East
End, 7 West End) and dispersing to the opposite side in their first year. While this result
demonstrates that the isthmus does not act as
a complete barrier to fox dispersal, it does suggest that the rate of cross-isthmus dispersal is
limited and may have ultimately saved U. l.
catalinae from extinction.
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Disease continues to be the greatest threat
to the survival of the Catalina Island fox. Santa
Catalina remains the only California Channel
Island allowing visitors and residents to own
and transport pets to and from the island. Pets
coming to the island are not subject to quarantine, and proof of current vaccination is not
required by the Catalina Express public ferry.
Licensing of dogs (for rabies) is only required
within the City of Avalon and for Conservancy
employees and lessees with pets living in
company-owned housing. Creating a pet passport system for the ferry that requires current proof of vaccination, and passing City of
Avalon legislation requiring proof of vaccination would be positive steps in addressing the
potential for introduced disease.
Island foxes vaccinated against CDV and
rabies now occupy nearly every portion of the
island. This ongoing management action will
hopefully stop or slow the spread of CDV and
rabies if those diseases are introduced to the
island. Model simulations by Bakker et al.
(2009), Doak et al. (2013), and Sanchez (2012)
showed that the establishment of a vaccinated
subset of the wild population was a more
effective way to decrease the threat of epidemics than the rapid capture and vaccination
of foxes following detection of an epidemic.
Maintaining a “vaccinated core” of 300 individuals, versus the recommended number of
80–100 for just threat abatement, was also
considered a possible alternative to the costly
resumption of captive breeding in the event
of a future epidemic. The Conservancy has
therefore implemented this higher level vaccinated core (n = 300). Prophylactic inoculation
has been identified as a cost-effective means
for the Conservancy to protect its fox population, especially when boosters can be administered annually in conjunction with scheduled
trapping for population estimation. Unvaccinated, radio-collared disease sentinel foxes
also inhabit many areas of the island and are
monitored weekly. These animals would likely
act as an early detection mechanism in the
event of another epidemic.
Additional disease introduction may take
place when nonnative wildlife are inadvertently brought from the mainland. For example, 3 male raccoons (Procyon lotor) were discovered at separate locations during July
2007. At least one was confirmed as a “stowaway” on a private boat that had sailed from
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Cabrillo Marina in San Pedro, California, to
Avalon Harbor where the raccoon disembarked.
An additional 3 adult raccoons have been
detected and removed from Catalina between
2008 and 2012. Three of 6 animals were humanely euthanized, necropsied, and tested for
evidence of rabies, CDV, and the roundworm
nematode Baylisascaris procyonis found ubiquitously in raccoons. All 3 were negative for
rabies and CDV, yet 2 of 3 were shedding B.
procyonis. Most recently, a young female and
a geriatric male opossum (Didelphis virginiana) were discovered and removed from Two
Harbors during April and November 2013.
Threat abatement continues to be a priority
for the Catalina Island Conservancy so that
the number of human-caused fox mortalities
may be minimized in the future. Preventative
actions have included prophylactic vaccination
of wild foxes (including CDV vaccine persistence research), annual serosurveys of unvaccinated foxes for disease monitoring, roadside
signage, educational outreach programs, and
implementation of a Pets and Wildlife Policy
at all Conservancy-leased camps and coves.
The Conservancy’s Education and Communications departments incorporate island fox
information into school curricula, radio programming, and social media.
In conclusion, U. l. catalinae has proven
resilient and has staged a remarkably rapid
recovery from a catastrophic population decline. Nevertheless, Catalina’s island foxes
will likely be “conservation-reliant” (Scott et
al. 2005) for the foreseeable future due to
their restricted distribution, small population
size, and the continued presence of domestic
dogs on the island. A continued investment
in conservation management (average cost of
$192,000 per year from 2000 to 2012), including prophylactic vaccinations and routine survival monitoring, will insure a self-sustaining
wild population on Catalina Island.
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IDENTIFYING EVOLUTIONARILY SIGNIFICANT UNITS AND
PRIORITIZING POPULATIONS FOR MANAGEMENT ON ISLANDS
Jeanne M. Robertson1,2,3, Kathryn M. Langin2, T. Scott Sillett4,
Scott A. Morrison5, Cameron K. Ghalambor2, and W. Chris Funk2
ABSTRACT.—Islands host exceptionally high levels of endemism compared to mainland regions and are subject to disproportionately high rates of extinction and imperilment. Therefore, the protection and preservation of taxonomic units
that are endemic to islands is a key component in mitigating the loss of global biodiversity. However, determining what
is “endemic” on islands can be challenging. Conservation units are commonly delineated based on genetic divergence at
neutral loci (e.g., genetic differentiation at microsatellite loci or reciprocal monophyly based on mitochondrial genes).
Island populations of nonvolant species are expected to meet this criterion, regardless of adaptive differences, due to
geographic isolation, founder effects, and small effective population sizes. We therefore argue that the delineation and
management of island endemic populations should not be based on neutral genetic divergence and reciprocal monophyly alone. Instead, we recommend identifying island populations that have genetically based adaptations to their
unique environments. A comprehensive framework specifically designed to delineate evolutionarily significant units
(ESUs) on islands should be based on metrics of both neutral and adaptive genetic divergence. The California Channel
Islands host several taxa considered to be endemic, and we highlight 2 case studies to illustrate how this framework can
be applied. This approach can be applied broadly to continental islands and island archipelagos, enabling conservation
practitioners to use an objective framework to prioritize units of biological diversity for management.
RESUMEN.—Las islas albergan niveles excepcionalmente altos de especies endémicas en comparación con las
regiones continentales, y están sujetas a niveles desproporcionadamente altos de extinción y peligro. La protección y
conservación de las unidades taxonómicas que son endémicas de las islas es, por lo tanto, un componente clave para mitigar la pérdida global de biodiversidad. Sin embargo, determinar qué es “endémico” en las islas puede ser un reto. Las
unidades de conservación son comúnmente delineadas basándose en divergencias genéticas en lugares neutrales (por
ejemplo, diferenciación genética en loci microsatelitales o monofilia recíproca basada en genes mitocondriales). Se
espera que las poblaciones de las islas de especies que no pueden volar reúnan estos criterios, independientemente de
diferencias de adaptación, debido al aislamiento geográfico, efectos de hundimiento y un tamaño de población efectivo
pequeño. Por lo tanto, argumentamos que la delineación y el tratamiento de las poblaciones endémicas de la isla no
deberían estar basados sólo en la divergencia genética neutral y en monofilia recíproca. En lugar de eso, nosotros apoyamos la identificación de poblaciones de la isla que tienen adaptaciones basadas genéticamente exclusivamente para su
propio ambiente. Un marco comprensible específicamente diseñado para describir unidades evolutivamente importantes (UEIs) en las islas debería estar basado en ambas mediciones, tanto en la neutral como en la divergencia genética
adaptativa. Las Islas del Canal de California albergan varios taxa que se consideran endémicos, y destacamos 2 casos
prácticos para ilustrar como se puede aplicar esta estrategia. Este enfoque puede ser ampliamente aplicado a las islas
continentales y a las islas del archipiélago, permitiendo a los profesionales de la conservación aplicar una estrategia
objetiva para priorizar unidades de diversidad biológica para su manejo.

Islands host exceptionally high levels of endemism compared to mainland regions (Kier
et al. 2009). Unfortunately, they are also subject
to disproportionately high rates of extinction
and local extirpation (Johnson and Statterfsfield
1990, Whittaker and Fernandez-Palacios 2008).
Therefore, the protection and preservation of
taxonomic units that are endemic to islands is a
key component in mitigating the loss of global
biodiversity. Endemic units include not only

species-level divergence but also populations
that are adaptively differentiated on islands.
Distinct intraspecific units could be in the early
stages of speciation and therefore represent
incipient species-level biodiversity. Moreover,
maintaining island populations adapted to different environmental conditions should maximize the potential of the populations to adapt to
future environmental changes such as climate
change. Therefore, it is critical to identify island
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populations that represent unique lineages
adapted to different environments.
Insular biota face myriad threats that make
conservation management challenging. Populations restricted to islands are prone to
demographic stochasticity and suffer from
long-term reductions in census and effective
population sizes, lower genetic and phenotypic diversity, and inbreeding depression
(Frankham 1997, Woolfit and Bromham 2005).
Their evolutionary history within the context
of depauperate communities has also played
a role in making them more susceptible to
the introduction of new species—whether
competitors, predators, or pathogens (Blondel
2000). These factors amplify the effects of
anthropogenic stressors like habitat loss,
invasive species, and climate change; and
these effects in turn have necessitated the
implementation of many intensive management programs on islands around the world
(Wood 2000, Goldman et al. 2008, Gonzalez et
al. 2008, Cruz et al. 2009, Morrison et al. 2011).
Many insular taxa exhibit high levels of
genetic and phenotypic divergence from
mainland populations or from other islands
within the same archipelago, due in part to
the unique suite of microevolutionary forces
on islands that shape their trajectories (Barton
1996). Unless the island was once connected
to the mainland, the initial colonization event
usually involves a genetic bottleneck that
limits the newly formed insular population
to a subset of the genetic and phenotypic
diversity of the source population (Frankham
1997). Novel populations are subject to a
combination of selection pressures in their
insular environment and pronounced genetic
drift. The latter effect is stochastic in nature,
but the former—selection—has been shown
to operate deterministically for many traits,
which are collectively referred to as the
“insular syndrome” (Blondel 2000). Insular
populations tend to have fewer competitors
and predators, which can lead to directional
selection for reduced predator defenses
(Bowen and VanVuren 1997, Slikas et al.
2002), expanded niche space (Martin 1992),
increased intraspecific competitive abilities
(Robinson-Wolrath and Owens 2003), and a
number of other morphological, demographic,
and behavioral traits (Blondel 2000).
An important consideration in setting conservation priorities is the degree to which
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observed population divergence is adaptive
versus the result of stochastic processes like
founder effects (which are particularly pronounced on islands). Most island populations
will show monophyly, or at least genetic differentiation (divergence in allele or haplotype
frequencies) at neutral loci, due to founder
effects and genetic drift. Hence, monophyly is
not sufficient by itself to characterize the
degree of endemism of an island population.
We argue that degree of endemism—and so
perhaps degree of conservation priority—
should also require adaptive divergence from
mainland or other island populations. Further,
we propose a framework for categorizing
divergence in island populations, and we discuss how to apply this framework using conservation management case studies from the
California Channel Islands.
Evolutionarily Significant Units
Biodiversity conservation efforts traditionally focus on maintaining one or more minimum viable populations (MVP) of a focal taxon
that, in theory, should persist on ecological
time scales (Shaffer 1981). However, the past
decade has seen an increased emphasis on
conserving population-level genetic diversity
and the processes that promote adaptive evolution within species (Crandall et al. 2000,
Moritz 2002). Given the intensifying nature of
ongoing threats to biological diversity, the latter strategy is aimed at enhancing the capacity
of species to adapt to future environmental
conditions and thus to increase the probability
of persistence over evolutionary time scales.
Conserving adaptive potential may be especially important for insular populations that
have limited ability to move in response to
environmental changes (e.g., shifts in climate)
and instead must adapt in situ.
The term “evolutionarily significant unit”
(ESU; sometimes also termed “evolutionary
significant unit”) was coined by Ryder (1986)
to describe intraspecific taxonomic units worthy
of conservation. The ESU concept is central to
the development of population management
strategies and the application of conservation
legislation, particularly in determining “distinct
population segments” (DPSs) as units of conservation for vertebrate species under the U.S.
Endangered Species Act (Fay and Nammack
1996, Groom et al. 2005). The conservation
genetics of Pacific salmon (Oncorhynchus spp.)
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provided important empirical examples for
application of an ESU to natural populations
under the Endangered Species Act (Waples
1991, 1995, CDFG 2002). However, the criteria
for delineating ESUs have varied considerably
over time (Crandall et al. 2000), and the interpretation and application of ESUs and DPSs
has historically spurred scientific and public
debate (Waples 1998). Though Ryder’s (1986)
original definition focused on adaptive differentiation, an increase in the availability of
genetic data facilitated a movement toward
ESU definitions that focus solely on the presence of genetic differentiation or reciprocal
monophyly at neutral loci (Moritz 2002, Zink
2004). Moritz (2002) asserts that the use of reciprocal monophyly provides an unambiguous
definition of an ESU and preserves the
genetic diversity of irreplaceable, isolated
lineages. In contrast, Crandall et al. (2000)
argue that the original ESU definition put
forward by Ryder (1986) is more conservation
relevant and that adaptive variation and “ecological exchangeability” (i.e., the degree to
which populations are adapted to the same
ecological niche and are thus exchangeable)
must be considered, not just neutral genetic
divergence and reciprocal monophyly (Shimizu
2008). Both viewpoints focus on the conservation of genetic diversity, as does the federal
requirement of genetic or morphological distinction for delineating distinct population segments (Fay and Nammack 1996), but each differ
in their emphasis on adaptive versus neutral
regions of the genome and the type of data
required to demonstrate that a population
qualifies as an conservation unit. Fraser and
Bernatchez (2001) argue that instead of debating
the relative merits of each definition, we should
recognize that both definitions have strengths
and weaknesses and we should apply the appropriate definition(s) on a case-by-case basis.
Island flora and fauna represent a special case
for determining which ESU concept to apply.
We argue that the most useful ESU definition for island populations is one that incorporates both adaptive variation and measures
of neutral genetic divergence. Compared to
mainland and other insular populations, island
populations often show pronounced divergence at neutral loci because of restricted
gene flow across oceanic barriers and the
strong effects of genetic drift in small isolated
populations (Patirana et al. 2002). Exceptions
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to this phenomenon include highly mobile
taxa that do not perceive oceans as a hard
barrier to dispersal (Postma and van Noordwijk
2005). Insular terrestrial populations of most
taxonomic groups tend to be sedentary and
thus likely to show reciprocal monophyly at
neutral loci (e.g., mtDNA), even if the time
since divergence was relatively recent (Neigel
and Avise 1986, Walker et al. 2006). This
necessitates separate conservation units on
each island or between island and mainland
sites under the Moritz (1994) ESU definition.
The ESU definition is especially important
for the conservation of insular populations
because these populations are frequently subject to intensive, population-specific management actions (e.g., Coonan et al. 2010). We
suggest that using neutral genetic divergence
alone for delineating ESUs on islands is insufficient because the method may overestimate
the evolutionary significance of any island
population relative to other island and mainland populations. The method may also impede
consideration of translocations as a management strategy aimed at facilitating demographic or genetic rescue for small insular
populations. Conservation efforts on islands
should focus on identifying units of insular
endemism that are adaptively differentiated
from other mainland or insular populations
and that show marked genetic divergence.
Delineating ESUs on Islands
Effective management of insular populations requires an objective framework for
identifying and prioritizing intraspecific conservation units (Pullin and Stewart 2006). To
assess how others have defined ESUs on
islands, we conducted an ISI Web of Knowledge literature search in March 2012 using
the following terms: [islands AND (evolutionarily significant unit OR evolutionary significant unit OR distinct population segment)].
The search returned 71 articles, 39 of which
were deemed relevant (Appendix). We included
only empirical studies of island taxa at the
population or subspecies level and excluded
review articles, perspective pieces, empirical
studies of marine or human populations, and
studies conducted on island taxa that had been
described as insular endemic species (rather
than populations or subspecies relative to the
mainland). We considered studies only when
an island ESU was based on a comparison to a
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Percentage of studies recommending
conservation status
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Genetic divergence

Genetic and phenotypic
divergence

Genetically based
adaptations

Fig. 1. Most studies of island taxa use genetic data alone for ESU designation. While some studies include data on
morphological differences, there remains a paucity of studies that test whether these phenotypic differences are genetically based and adaptive prior to making conservation recommendations.

mainland population or other surrounding
island populations. Of the 39 studies, 45% used
genetic distance as the sole criterion for delineating a conservation unit, and 55% based their
designation on evidence of genetic and phenotypic differentiation (Fig. 1). Bottin et al. (2007)
was the only study to demonstrate that the
phenotypic traits unique to an insular population represented genetically based, adaptive
differentiation, as opposed to phenotypically
plastic differences caused by environmental
effects. In the 39 studies, an ESU definition
focusing on neutral genetic divergence was applied much more frequently for insular populations than was ESU frameworks that integrate data on neutral genetic and adaptive
phenotypic differentiation. Moreover, most
studies documenting genetic divergence at neutral loci showed genetic differentiation as significant differences in allele or haplotype frequencies, rather than demonstrating reciprocal monophyly (but see Kanthaswamy et al.
2006, Hoglund et al. 2011; Appendix).
We suggest that management strategies on
islands should transition to putting a greater emphasis on adaptive differentiation. We are particularly concerned with cases where populations are distributed on multiple adjacent islands
or where populations are found on islands and
nearby mainland locations. In such cases, insular populations are likely to exhibit neutral
genetic divergence relatively quickly, even in the

presence of some gene flow, because of initial
founder effects and subsequent genetic drift.
We propose a modified version of the framework described by Crandall et al. (2000) for
delineating ESUs on continental islands and
on island archipelagos. Our framework is
aligned with Crandall et al. (2000) in that
populations must be genetically differentiated
(rejecting genetic exchangeability). However,
we put greater emphasis on the need to demonstrate that observed phenotypic differences
are both genetically based and adaptive (i.e.,
increase fitness). We deemphasize the requirement that a population must have a unique
ecological role that is nonexchangeable with
sister populations on adjacent islands or the
mainland. We also argue that even if island
populations do not qualify as ESUs using our
framework, they may still warrant some level
of conservation prioritization, depending on
the degree of neutral, phenotypic, and adaptive
divergence from mainland or other island
populations (see “Summary and Recommendations” and Table 1). The 3 components of this
modified framework are (1) neutral genetic
divergence, (2) phenotypic divergence, and
(3) genetically based local adaptation; and we
present the data required to test these criteria.
Neutral Genetic Divergence
Despite our a priori expectation that most
insular populations should show some degree of
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TABLE 1. Criteria for delineating evolutionarily significant units (ESUs) and conservation priority for insular populations based on neutral genetic, phenotypic, and adaptive divergence. Supporting evidence for divergence or designation
as an ESU (yes), failure to find evidence for divergence or ESU (no), missing data (no data), and unresolved (?).
Lines of evidence
_______________________________________________________
Genetically based
Neutral genetic
Phenotypic
adaptive
divergence
divergence
divergence
yes
yes
yes
no
yes
yes
no
no
no

yes
yes
no data
yes
yes
no
yes
yes
no

yes
no data
no data
yes
no
no
no data
no
no

genetic differentiation, we recognize the importance of neutral genetic data to confirm isolation
of island populations. Therefore, as a first step in
identifying insular endemic populations, we
recommend comparing genetic divergence at
neutral loci across island and mainland populations or between island populations. We also
agree with the recommendation of Crandall et
al. (2000) for measuring genetic differentiation
on both historical and recent time scales. The
magnitude of recent genetic differentiation is
expected to vary among taxa due to differences
in life history and dispersal abilities and thus
should be considered with reference to the level
of genetic differentiation between species, subspecies, and populations in other parts of the
taxon’s range (Oliva-Tejera et al. 2006).
Traditionally, phylogeographic studies use
mitochondrial, chloroplast, or nuclear DNA
sequence data to infer deeper historical relationships among populations, whereas landscape
genetic studies use microsatellite loci to quantify genetic structure on more recent time
scales. Both approaches have been applied to
delineate island ESUs (Appendix). Gene flow
can also be estimated from measurements of
genomic variation across populations based
on single-nucleotide polymorphisms (SNPs),
thereby allowing characterization of adaptive
differentiation (Luikart et al. 2003, Hohenlohe
et al. 2010, De Wit et al. 2012).
Phenotypic Divergence
The second component of our framework
addresses variation in morphological, behavioral, or demographic traits among islands and
between continental island and mainland populations. The first step in documenting adoptive

Conclusion
__________________________________
Evolutionarily
significant
Conservation
unit
priority
yes
?
?
no
no
no
no
no
no

highest
higher
high
high
mid
low
low
low
lowest

differentiation is quantifying divergence in
phenotypic traits that are easily measured, and
this practice has been applied to several island
studies to date (Appendix). Insular populations
often exhibit the insular syndrome: a suite of
morphological, life history, or behavioral traits
that appear to be adaptive for island environments (e.g., Postma and van Noordwijk 2005).
Divergence in traits used for courtship and
mating might also reveal island populations
that are in the early stages of speciation (WestEberhard 1983, Coyne and Orr 2004). However,
the mere detection of unique phenotypic
traits is not sufficient for establishing whether
adaptive differentiation has occurred. We
recommend that these data be used to frame
hypotheses and develop appropriate tests for
local adaptation.
Local Adaptation
The third component of our framework
requires testing whether island populations
are adaptively differentiated from mainland
or other island populations. Many studies include phenotypic divergence as supporting
evidence for subspecific or ESU designation
of island populations (Fig. 1). However, few
test whether these differences are the products
of adaptive evolution (Appendix), which testing
requires that traits have a genetic basis and
confer a fitness benefit in the local environment
(Funk and Fa 2006). Experimental, genomic,
and field studies can elucidate patterns of local
adaptation. Below we describe several different
approaches that can be applied to determine
whether observed phenotypic differences of
island populations are genetically based local
adaptations with fitness consequences.
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EXPERIMENTAL STUDIES.—Reciprocal transplant (RT) and common garden (CG) experiments are the most common approaches for
investigating local adaptation (reviewed by
Kawecki and Ebert 2004, Rader et al. 2005).
These experimental designs are well suited for
sessile or small organisms (e.g., plants, some
insects, and small vertebrates; Losos et al. 2000)
and are powerful for distinguishing evolved
responses from environmentally mediated
ones. A review of RT and CG experiments
detected high levels of adaptive variation in
marine taxa, but few of those studies were
evaluated in an ESU framework (Conover et
al. 2006), emphasizing the disconnect between
studies of adaptive variation and conservation.
RT and CG experiments can be challenging
to conduct on vertebrates, especially species of
conservation concern (Mittelbach et al. 1999,
Ballentine and Greenberg 2010, Herczeg and
Valimaki 2011, Svanback and Eklov 2011). In
light of this limitation, we propose that in
situations where RT and CG experiments are
not feasible, population genomic and field
studies be used to determine the genetic basis
of phenotypic differences observed between
island and mainland populations.
POPULATION GENOMIC STUDIES.—Population
genomics is a powerful approach for characterizing adaptive differentiation among island
populations (Hudson 2008, Morozova and
Marra 2008, Stapley et al. 2010). Sequencing
SNPs can be used to identify adaptively divergent populations and to study reproductive
isolation and incipient speciation processes
(Nosil and Feder 2012), and this method has
been validated for known divergent ecotypes
(Lumley and Cusson 2013). One approach is
to compare genetic distances across thousands
of loci to identify outlier loci, presumably under
divergent selection, to characterize adaptive
differentiation among populations (Luikart et
al. 2003, Funk et al. 2012). Ideally, many loci
of adaptive significance should be examined
to quantify overall adaptive differentiation in
response to the multiple dimensions of environmental variation. We advise against using
few genes of known function because this does
not characterize overall adaptive differentiation
(Funk et al. 2012). Genomic data are rapidly becoming more affordable and easier to obtain,
which will increase the importance of population
genomics in conservation (Allendorf et al. 2010,
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Lumley and Cusson 2013). For example, one
can conduct a population genomic study using
RAD tag technology for $50 to $100 per individual (Allendorf et al. 2010), a cost that is less
than many long-term monitoring programs.
FIELD STUDIES.—Studies that measure selection or test whether divergent traits are adaptive
in the field can help distinguish between local
adaptation and phenotypic plasticity, especially
in cases where funding is limited and RT and
CG experiments are not feasible. Field research,
particularly behavioral studies, need not be
invasive or time consuming, contrary to assertions by some evolutionary biologists (e.g., Zink
2007). For example, Peluc et al. (2008) used a
simple experimental design to demonstrate
in one field season that the unique nest-site
selection behavior exhibited by Orange-crowned
Warblers (Oreothlypis celata) on Santa Catalina
Island reflected the birds’ ability to respond
plastically to variation in the nest-predator community, rather than a genetically based phenotypic differentiation. Quantifying patterns of
morphological and life history variation among
populations typically requires more intensive,
long-term study (e.g., Radar et al. 2005). For
example, selection gradient analysis of marked
individuals can help identify whether divergent
traits are under selection (Lande and Arnold
1983). Closely related species could act as
proxies for an insular population that is not
amenable to experimental studies. (Friesen et
al. 2006, Bottin et al. 2007).
Applying the Framework
Combining data on genetic and phenotypic
divergence with considerations of local adaptation will make it possible to set appropriate
priorities for conservation management on
islands. Such an approach may require more
effort in determining ESUs but could improve
efficiency in delineating ESUs, particularly as
population genomics become more feasible
and cost effective. We will also gain a deeper
understanding of the processes that drive
adaptive genetic differentiation by explicitly
considering and quantifying the continuum
of genetic divergence that is expected for
island populations connected by varying levels
of gene flow and exposed to varying levels of
divergent selection.
We make specific recommendations in
Table 1 for ranking populations based on the
degree of neutral, phenotypic, and adaptive
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differentiation compared to other island and
mainland populations. We define an ESU as a
population that shows both genetic divergence
at neutral loci and adaptive, genetically based
phenotypic differences. Assuming that the
demographic characteristics among populations
are equal, we place the highest conservation
priority on populations where evidence exists
for adaptive genetic differentiation, even when
tests for the genetic basis of phenotypic divergence are pending. Mid-priority is assigned to
populations that are genetically isolated and
that exhibit phenotypically plastic differentiation from neighboring populations. Populations
that are divergent at neutral loci but have no
phenotypic or adaptive differences are lower
priority. Populations that show no detectable
differentiation at neutral genetic loci (even with
sufficiently variable loci) but exhibit phenotypic differences (e.g., Ballentine and Greenberg
2010) should have some conservation value.
Populations that are indistinguishable both
genetically and phenotypically are not considered a distinct ESU and are the lowest conservation priority. We suggest that this ranking
system be used to identify island populations
that are most deserving of limited economic
resources for biodiversity conservation efforts.
Nonetheless, other factors must also be considered when making decisions about conservation
prioritization, including population status, our
ability to influence population viability through
management actions, management objectives
of different land owners, and socioeconomic
factors.
Beyond prioritization, data on neutral versus
adaptive genetic differentiation can also inform
the management of populations that have
been identified as a conservation priority. For
instance, insular populations are particularly
susceptible to the demographic and genetic consequences of small population sizes, especially
when anthropogenic stressors reduce numbers
below historic levels. Translocation of individuals
from neighboring populations is one management strategy to consider in those situations.
This strategy has the potential to ameliorate
demographic stochasticity or inbreeding depression but could also lead to outbreeding depression if the translocated individuals originate
from an adaptively divergent population. Outbreeding depression is most likely when populations are adaptively divergent and least likely
when they only differ at neutral loci (Frankham
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et al. 2011). The benefit of demographic or
genetic rescue may outweigh the potential cost
of outbreeding depression for a population
undergoing severe declines, but information
on the degree of adaptive population divergence
could still be valuable for management.
We recognize that identifying conservation
units at the intraspecific level can be challenging with real-world data and pressing management concerns. The degree of population-level
divergence can fall along a spectrum that ranges
from slight divergence at neutral loci, to adaptive phenotypic divergence, to incipient speciation. These gradations in divergence should be
translated into priority management categories.
However, insular populations require a particularly strong emphasis on identifying and
understanding patterns of adaptive divergence,
not just neutral genetic divergence.
CASE STUDIES ON THE CALIFORNIA
CHANNEL ISLANDS
The California Channel Islands have been
the focus of intensive conservation management over recent decades. Here, we highlight
2 case studies of species of conservation concern to demonstrate how our framework for
delineating ESUs could be applied toward
their management.
Loggerhead Shrike
San Clemente Island is home to an
endemic population of Loggerhead Shrike
(Lanius ludovicianus mearnsi) that was driven
nearly extinct by habitat destruction due to
livestock grazing and other anthropogenic
land-use disturbances. This population was
listed under the U.S. Endangered Species Act
(ESA) in 1977 (USFWS 1977), and the population size dropped to an estimated low of 14
individuals in 1998 (USFWS 2009). Since
then, an intensive and costly management
program ($25 million from 1993 to 2008;
DOD 2010) has involved invasive species
removal, manage ment of shrike breeding
habitat, captive breeding, and the removal or
eradication of 5 species of native shrike
predators (Elliot and Popper 1999). The population increased to nearly 200 individuals by
2009 (including juveniles and nonbreeding
adults) but remains listed under the ESA due
to small population size and other ongoing
threats (USFWS 2009).
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The management actions used to conserve
shrikes on San Clemente Island have been
controversial, in part because of their cost and
their impact on other native vertebrate species,
including the endemic island fox (Urocyon littoralis, Roemer and Wayne 2003), and the
debate over the population’s genetic distinctiveness. Lanius l. mearnsi was described by
Ridgeway (1903) and later Miller (1931) based
on plumage and morphological characters.
Subsequent genetic studies concluded that the
San Clemente shrikes are genetically distinct
from populations on the mainland and on the
northern Channel Islands (Mundy et al. 1997,
Eggert et al. 2004, Caballero and Ashley 2011).
However, genetic analyses of museum specimens collected in the late 1800s and early 1900s
have detected a decline in genetic diversity
over time, and those specimens have a different
genetic composition than the postmanagement
birds sampled after 1990. Moreover, the postmanagement population of L. l. mearnsi is
more genetically distinct from the mainland
and other islands than was the historical population. Thus, the apparent genetic distinctiveness of L. l. mearnsi may reflect, to a certain
extent, the effects of genetic drift during the
extreme population bottleneck of the past
century, as well as the effects of population
management since 1990—a situation that may
warrant very different management strategies
than would be the case for a population with
strong historical isolation.
Two questions arise regarding future conservation of shrikes on San Clemente Island:
(1) whether continued investment in intensive
management is still justified and (2) whether
the management strategy for L. l. mearnsi
should involve genetic rescue via shrikes from
other populations. These 2 questions invoke
both the logistical and philosophical complications surrounding conservation management.
Our framework provides an objective template
to help with these decisions. San Clemente
Island shrikes would be recognized as “higher”
conservation priority (one level below “highest”;
Table 1) but not designated as an ESU (Table 1)
based on currently available data (evidence of
both genetic and phenotypic divergence). For
this population to be designated formally as an
ESU, further studies of adaptive differentiation would be needed to show that shrikes on
San Clemente Island have evolved genetically
based local adaptations and have diverged
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from the mainland population and other islands
in the archipelago. The decision about whether
to pursue genetic rescue also relies on understanding whether or not the source and
receiving populations share genetically based
adaptive variation. The introduction of alleles
from another island via captive breeding or
translocation could result in maladapted offspring if the source population was locally
adapted to divergent environmental conditions. Studies of adaptive variation in Channel
Island shrikes would provide these answers.
Island Fox
Consistent with the insular syndrome
(Lomolino 2005), the island fox has evolved
a much smaller body size compared to its
mainland ancestor, the gray fox (Urocyon
cinereoargenteus; Collins 1993). Island foxes
are found on 6 of the 8 Channel Islands. Subspecies status was granted to foxes on each of
those islands based on interisland differences
in morphology and neutral genetic structure
(Gilbert et al. 1990, Wayne et al. 1991, Collins
1993). However, we do not know whether the
morphological differences observed between
islands (Collins 1993) are a product of local
adaptation (e.g., to different climate regimes
or different community composition), genetic
drift in small founder populations, or phenotypic plasticity.
In the early 2000s, these subspecific designations were central to management decisions
after catastrophic population declines of foxes
on 4 of the Channel Islands. Captive breeding
programs were established for each of the
affected subspecies on their respective
islands, and each was listed as endangered
under the ESA in 2004 (USFWS 2004). Additional intensive management actions included
a vaccination program for canine distemper,
the removal of Golden Eagles (Aquila chrysaetos) from the northern Channel Islands, and
the reintroduction of Bald Eagles (Haliaeetus
leucocephalus), which through agonistic interactions may deter A. chrysaetos (Morrison 2008).
These management programs ultimately proved
successful. Fox populations have rebounded
on all 4 of the affected islands, although population monitoring and vaccination efforts continue (Coonan et al. 2010).
The island fox example provides the opportunity to evaluate whether, given the same data,
the previous designations of island populations
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(based on Gilbert et al. 1990) and our framework reach the same conclusions regarding the
conservation priority of island foxes. As with
the San Clemente Island shrikes, our framework would not have identified each island fox
population as an ESU due to lack of evidence
of adaptive differentiation but would have
classified the islands as “higher” priority, owing
to evidence of genetic and phenotypic divergence. Resource managers followed the precautionary principle, given the limited data on
local adaptation in the island fox populations.
Going forward, however, limited resources for
conservation management and new knowledge
may call for a different approach.
The island fox is likely a “conservationreliant” species (Scott et al. 2005) that will
require continued monitoring and active
management for long-term persistence (Coonan
et al. 2010). All 6 U. littoralis populations
have low levels of genetic variation (Wayne et
al. 1991) and thus may lack the adaptive variation to survive future environmental changes
(Allendorf and Luikart 2007). Although we
currently have no evidence of inbreeding depression on any of the islands, managers have
recognized that a future conservation option
may include translocations between islands,
with the goal of genetically rescuing fox populations (Coonan et al. 2010). If this is deemed
a potentially necessary strategy, then knowledge of the degree of adaptive population
divergence between islands will be critical for
developing an effective translocation strategy
and for understanding the potential risks of
outbreeding depression.
CONCLUSIONS
The shrike and fox examples both involved
intensive, costly management programs that
were aimed at saving island-endemic populations. The population crashes were relatively
sudden, particularly in the case of the island fox,
and strategies were developed based on existing subspecies delineations and data on conservation threats. Our goal here is not to
question the management actions of the past
but to suggest that future management of these
species might be enhanced by knowledge of
the degree of adaptive population divergence
between island populations. The recent anthropogenically driven population crashes have led
to a decline in already low genetic diversity in
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both the shrike and fox (e.g., Frankham 1997).
If future conservation management requires
translocation in order to maintain population
viability, managers would benefit from knowledge of the degree of local adaptation to the
conditions on each island. Further, research
on adaptive divergence could be important
for prioritizing limited conservation funds. For
instance, it may or may not be worth spending
millions of dollars to save the genetic diversity
contained within a remnant population of 20
individuals if those individuals are not genetically distinct and locally adapted compared to
populations on neighboring islands. Questions
like this are difficult to answer and ultimately
require a consideration of factors ranging from
relative priority of neutral genetic diversity
versus adaptive genetic diversity to societal
values.
Island populations and species are particularly vulnerable to local extirpation due to isolation, small population sizes, climate change,
and the introduction of nonnative species.
The framework we have presented here could
aid in the identification and conservation of
vulnerable insular taxa. Our framework may
also be useful for delineating intraspecific
conservation units for mainland taxa that inhabit “habitat islands” that are susceptible to
the same genetic and demographic threats as
true islands (Knowles 2001, Holycross and
Douglas 2007, Bech et al. 2009). Ultimately,
we believe that given limited conservation
funding, knowledge of adaptive differentiation
is essential for developing sound conservation
strategies, particularly for geographically isolated populations.
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Page et al. 2012

Dudaniec et al. 2011

Balakrishnan et al. 2003
Bottin et al. 2007

Lovette et al. 1999
McFadden et al. 2008

Floyd et al. 2011

Butaud et al. 2005
Ciofi et al. 1999

Reynolds et al. 2011

Reference

Turks Island boa (Epicrates c.
chrysogaster)
Sandalwood (Santalum insulare)
Komodo dragon (Varanus
komodoensis)
Spotted skunk (Spilogale gracilis
amphiala)
Lesser Antillean Oriole (Icterus spp.)
Pygmy raccoon (Procyon pygmaeus),
dwarf coati (Nasua nelsoni)
Eld’s deer subspecies (Cervis eldi)
Sandalwood (Santalum
austrocaledonicum)
Superb Fairywren subspecies
(Malurus cyaneus)
Multiple freshwater fish and
crustacean speciesa
Maghrebian bat (Myotis punicus)
Japanese Wood Pigeon (Columba
janthina)
Canarian Asteraceae shrub
(Atractylis arbuscula)
Forbes’ Parakeet (Cyanoramphus
forbesi)
Leiopelma frogs

Fitness

Turk and Caicos
Islands
Polynesia
Komodo Island

Phenotype

Taxon

Island/island archipelago

MSAT

APPENDIX. A Web of Knowledge literature search shows that empirical studies of island populations use variable criteria to designate a population as an evolutionarily significant
unit. For each study, we include (1) the conservation unit (UNIT) recommended by the authors for the island, with respect to mainland or nearby island: evolutionary significant unit
(ESU), management unit (MU), distinct population segment (DPS), conservation unit (CU), or no conservation status (NONE); (2) evidence of genetic divergence at mtDNA/chloroplast DNA (mtDNA) provided as reciprocal monophyly (MONO), haplotypic differentiation (HAPL) and/or microsatellite divergence (MSAT); (3) phenotypic divergence (phenotype)
and/or measures of phenotypic divergence that included social signals or other traits related to fitness (Fitness); and (4) whether the studies included a test for adaptive variation
(Adapt) among islands, or between island and mainland populations. See literature cited for full citation. Additional codes: Yes (Y), No (N), shallow (S), not done (ND), or ND but
inferred (NDi).
mtDNA
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Endemic mouse (Peromyscus spp.)
Light-vented Bulbul (Pycnonotus
sinensis)
Japanese marten (Martes melampus)

aSee reference for publications that include more than 2 taxa.

Ryukyu Archipelago
Guam and Rota
Seychelles
Queen Charlotte
Islands
Sea of Cortés
Hainan, Taiwan, and
Ryukyu islands
Japan

Kangaroo Island

Shikoku Island

Baranof Island

Mediterranean Sea

Mediterranean Sea

Goby (Rhinogobius sp.)
Red-legged Kittiwake (Rissa
brevirostris)
Egyptian Vulture (Neophron
percnopterus)
Egyptian Vulture (Neophron
percnopterus)
Mountain goat (Oreamnos
americanus)
Japanese spinous loach (Cobitis
shikokuensis)
Rosenbergs goanna (Varanus
rosenbergi)
Carassius goldfish (Carassius auratus)
Mariana Crow (Corvus kubaryi)
Sooglassid frog (Sooglossus sp.)
5 avian endemicsa

Orangutan (Pongo pygmaeus ssp.)
Sandalwood (Santalum insulare)
Short-tailed bat (Mystacina
tuberculata)
Steller sea lion (Eumetopias jubatus)

Borneo and Sumatra
Eastern Polynesia
New Zealand

Alaska and Aleutian
Islands
Ryukyu Archipelago
Bering Sea Islands

Taxon

APPENDIX. Continued.

Island/island archipelago

MONO
HAPL
HAPL

ESU

MONO
MONO
MONO
MONO

MONO

HAPL

S

MONO

MONO

HAPL
HAPL

HAPL

HAPL
HAPL
HAPL

mtDNA

ESU
ESU

ESU
ESU
ESU
ESU

ESU

ESU

ESU

MU

NO

ESU
ESU

DPS

MU
MU
Y

UNIT

ND

Y
Y

ND
Y
ND
ND

ND

ND

Y

Y

Y

Y
ND

ND

Y
Y
ND

MSAT

ND

Y
Y

Y
ND
Y
Y

Y

Y

ND

Y

Y

ND
ND

ND

Y
ND
N

Phenotype

ND

Y
Y

Y
ND
ND
Y

ND

Y

ND

ND

ND

ND
ND

ND

ND
ND
N

Fitness

ND

ND
ND

ND
ND
ND
ND

ND

ND

ND

ND

ND

ND
ND

ND

ND
ND
ND

Adapt

Sato et al. 2009

Walker et al. 2006
Wu et al. 2011

Takada and Tachihara 2009
Tarr and Fleischer 1999
Taylor et al. 2012
Topp and Winker 2008

Smith et al. 2007

Shimizu 2008

Shafer et al. 2011

Kretzmann et al. 2003

Agudo et al. 2011

Ohara et al. 2008
Patirana et al. 2002

O’Corry-Crowe et al. 2006

Kanthaswamy et al. 2006
Lhuillier et al. 2006
Lloyd 2003

Reference
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STRATEGIES FOR BIOSECURITY
ON A NEARSHORE ISLAND IN CALIFORNIA
Christina L. Boser1,4, Coleen Cory1, Kathryn R. Faulkner2,
John M. Randall1, John J. Knapp3, and Scott A. Morrison1
ABSTRACT.—Islands provide refuge for many rare and endemic species but are especially vulnerable to invasion by
nonnative species. Invasive alien species are a major factor in the imperilment and extinction of island biota. Biosecurity
protocols are designed to prevent or quickly detect the transport of harmful nonnative species, with the goal of eliminating the high economic cost of invasive species removal and the biological cost of damage caused by nonnative organisms. Effective biosecurity protocols require a balanced approach to on-island monitoring, off-island surveillance and
prevention practices, rapid response, and educational outreach. Here we use the biosecurity program on Santa Cruz
Island, California, to illustrate how risk evaluation, program priorities, and funding constraints intersect to define programmatic scope. Santa Cruz Island land managers have chosen to invest in early detection programs such as remote
camera trapping, off-island prevention and education, and rapid-response planning for rats and in on-island biosecurity
to prevent the spread of the most harmful plant species. We suggest that biosecurity efforts will be more effective—as
well as cost effective—as an archipelago-wide initiative than as a single-island program. A newly formed collaboration
with managers of other California Islands is designed to enhance visibility of the biosecurity initiative and attract new
funding sources. With the economy afforded by collaboration, we will expand our program and prioritize annual audits,
augment educational programs, measure project success, and increase compliance with and effectiveness of biosecurity
protocols.
RESUMEN.—Las islas proporcionan refugio a muchas especies poco comunes y endémicas, y son especialmente vulnerables a la invasión de especies no nativas. Las especies foráneas invasoras son un factor principal en el peligro y la
extinción de la biota de la isla. Se designan protocolos de bioseguridad para prevenir, o rápidamente detectar, el transporte de especies no nativas dañinas con el objetivo de eliminar el alto costo económico de la eliminación de las
especies invasoras y el costo biológico del daño causado por los organismos no nativos. Los protocolos de bioseguridad
efectivos requieren un equilibrio entre el monitoreo en la isla, la vigilancia y las prácticas de prevención fuera de la isla,
una rápida respuesta y un alcance educativo. Utilizamos el programa de bioseguridad en la Isla Santa Cruz, California,
para ilustrar cómo la evaluación de riesgos, las prioridades del programa y las limitaciones de financiamiento se entrecruzan para definir el alcance del programa. Los administradores de recursos en la Isla Santa Cruz han elegido invertir
en programas de detección temprana, como una cámara trampa remota, prevención y educación fuera de la isla, planificación de respuestas rápidas contra ratas y bioseguridad en la isla para prevenir la diseminación de las especies de plantas más dañinas. Pensamos que los esfuerzos de bioseguridad serán más efectivos—al igual que será mas eficiente en
términos de costos—con una iniciativa que abarque todo el archipiélago, en lugar de ser un programa para una sola isla.
Una colaboración recientemente formada con administradores de recursos de otras islas de California se ha diseñado
para mejorar la visibilidad de la iniciativa en bioseguridad y atraer nuevas fuentes de financiamiento. Con los fondos que
se obtuvieron de dicha colaboración, expandiremos nuestro programa y daremos prioridad a auditorías anuales,
aumentaremos los programas educativos, mediremos el éxito de los proyectos y aumentaremos el cumplimiento y la
efectividad de los protocolos de bioseguridad.

Island ecosystems are hotspots of biodiversity (Myers et al. 2000). They also can be especially susceptible to invasion by nonnative
species (Vitousek et al. 1996, Fritts and Rodda
1998), which often results in high rates of
imperilment and extinction of native biota
(IUCN 2012). Over recent decades, advances in
eradicating invasive alien species from islands
have resulted in considerable conservation

gains (Veitch et al. 2011). Increasingly, managers are focusing on preventing such invasions in the first place (Ruiz and Carlton 2003).
Island biosecurity programs are designed
to reduce the likelihood of invasive species
arriving on a given island and to quickly
detect and eliminate those species should
they arrive. Prevention and early detection
strategies are implemented with the goal of

1The Nature Conservancy, 532 East Main St., Suite 200, Ventura, CA 93001.
2National Park Service, Channel Islands National Park, 1901 Spinnaker Drive, Ventura, CA 93001.
3Native Range, Inc., 1746-F South Victoria Ave. #378, Ventura, CA 93001.
4E-mail: cboser@tnc.org
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reducing the cost of invasive species con trol, as large-scale and long-term removal of
established populations likely requires greater
resources (Stohlgren and Schnase 2006). Preventing invasion also avoids potential damage
to an island’s natural and cultural resources, as
well as to human health and well-being. Comprehensive biosecurity plans include the following components: a systematic evaluation of
target invasive species and their most important vectors, on-island monitoring at likely
introduction points, off-island prevention protocols, educational outreach programs to enlist
the cooperation of island users, and rapidresponse protocols.
Biosecurity plans have been implemented
for islands around the world, including Hawaii
and the main islands of New Zealand, as well
as offshore islands there and in Australia (The
State of Hawaii Department of Agriculture
Plant Industry Division 2006, Fritts 2007,
Chatham Islands Council 2008, Australian Biosecurity Intelligence Network 2009), but are
not yet common for nearshore islands off the
U.S. mainland.
Because funding is finite, biosecurity plans
are designed to address the greatest risks with
some limited and justifiable combination of
protocols. Managers should prioritize protocols that help manage the worst or riskiest
targets and affect the greatest number of
potentially harmful species, and they should
allocate resources among techniques that are
biologically and site appropriate. To evaluate
the riskiness of possible targets, managers
should use consistent biological criteria and
the best possible data on sites and vectors. In
this paper, we define a species as a “high risk”
if it (1) has a high likelihood of being transported to a location on-island with suitable
habitat or climatic conditions for establishment, and (2) would likely cause significant
harm to island ecosystems, if established (Blue
et al. 2011).
Resources should be allocated among prevention, early detection, and educational outreach depending on the biology of the invasive
targets, likely vectors to the island, size of the
island, and probability of detection (Moore et
al. 2010). For example, efforts may be best
weighted toward on-island monitoring if managers have little ability to quarantine likely
vectors and if detectability of new invaders onisland is relatively high. In contrast, detection
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of small species or those that require specialized
knowledge to identify, such as most invertebrates or plants, may be very difficult to detect
upon arrival, especially if the island is large. If
these species are more likely to be brought
to the island with large volumes of people or
equipment, off-island quarantine, inspection
of gear, and educational outreach may be more
effective than on-island monitoring.
California has nearly a dozen offshore
islands including the 8 Channel Islands and
the Farallons. They range in size from 2.6 km2
to 250 km2 and in distance to the mainland
coast from 20 km to 120 km. Over 20 million
people live along the southern California
mainland coast, and thus the potential for
human perturbation in these systems is much
larger than on more remote islands. Here, we
focus on Santa Cruz Island, the largest of
California’s islands. The Nature Conservancy
(TNC) owns and manages 76% of the island;
the National Park Service (NPS) owns and
manages the remainder. Approximately 40 km
from the mainland coast, Santa Cruz Island is
visited by roughly 300,000 people per year,
with most accessing the island by private
concessionaire passenger ferries from Ventura,
California (A. Brodie personal communication). Private recreational boats and private
aircraft are allowed access to NPS property
and access to TNC property provided they
have a permit. Due to the volume of visitors,
influenced mostly by the island’s proximity to
the mainland, these human-operated vectors
likely pose the most prominent biosecurity
risk. Thus, in our protocols we target these
vectors over natural vectors such as wind or
animal dispersal.
Santa Cruz Island, like all of the California
Islands, has been the site of major ecological
restoration programs over the past 30 years,
including the removal of all introduced nonnative mainland vertebrates (Morrison 2007), the
eradication or on-island control of nonnative,
habitat-modifying plants (Cory and Knapp 2014,
Powers et al. 2014), and the elimination of
nonnative honeybees. Numerous native species
have benefited from these restoration efforts
(e.g., Corry and McEachern 2009, Sillett et al.
2012, Coonan et al. 2014), which represent
substantial investments of time and funds.
TNC and NPS have committed to implement
biosecurity protocols to protect that investment and the resulting conservation gains and
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also to control the spread of invasive species
to unaffected island sites and reduce the risk
of reinfestation from the mainland (Boser et al.
2014, Cory and Knapp, 2014).
Proactive biosecurity efforts underway on
Santa Cruz Island for nearly a decade have
prioritized protocols that seek to prevent the
establishment or spread of species considered
most threatening to island-wide recovery.
Santa Cruz Island’s biosecurity program was
formally launched in 2004 when Channel
Islands National Park commissioned the nonprofit conservation organization Island Conservation to write a biosecurity plan for the
5 islands within the national park; that plan
focused on preventing the invasion and spread
of nonnative mammals such as rats (Rattus
spp.; Howald and Creel 2004). TNC developed
an invasive plant management plan in 2007
which outlined management actions to prevent the establishment of nonnative plants
and to eradicate or control selected invasive
plant species (Knapp et al. 2007). A 2011 report created decision support tools for Santa
Cruz Island land managers to select appropriate biosecurity protocols by estimating the
biological risk posed by select species and
vectors (modes of transport), assessing potential quarantine and monitoring protocols, and
carrying out cost-benefit analyses of the protocols (Blue et al. 2011). The authors evaluated 20 species and identified Rattus spp.,
Cape ivy (Delairea odorata), New Zealand
mudsnail (Potamopyrgus antipodarum), and
canine-vectored diseases as the high-risk
invaders for Santa Cruz Island. With limited
funding available to prevent nonnative invasive species introductions, TNC and NPS land
managers have prioritized the protocols that
would reduce the likelihood of introducing
these harmful species.
Below we discuss the protocols we have
implemented on Santa Cruz Island to target
high-risk species, including examples of early
detection, prevention/educational signage,
rapid-response planning, and on-island biosecurity of localized invasive populations with
control or eradication techniques. In 2012
we began an archipelago-wide collaboration
with other California Island land managers,
the California Islands Biosecurity Working
Group. This collaboration is designed to
benefit all the native communities on the
California Islands as the land managers
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jointly develop a comprehensive biosecurity
plan that strengthens their individual programs
using pooled resources and combined expertise.
BIOSECURITY PROGRAMS ON
SANTA CRUZ ISLAND
Early Detection: Remote Camera
and Chew Card Monitoring
Early detection strategies should be implemented for high-risk species when all likely
vectors cannot reliably be accessed with prevention protocols. On Santa Cruz Island, the
priority target invasive taxon is Rattus; and
the likelihood of introduction by unregulated
means, such as private recreational or fishing
boats, is so high that we have implemented an
on-island detection program in conjunction
with traditional off-island preventive measures
(described in the next section). Rattus species
are difficult to detect and have devastated the
native biota of many temperate, tropical, and
subarctic islands around the world (Russell
et al. 2005, 2008, Broome 2007, Jarrad et al.
2010). Although this protocol was designed to
target Rattus species, it would equally detect
many invasive mammal species if present.
In 2011 we initiated our remote camera
monitoring protocol at likely introduction
points around the island. Private vessels were
selected as the target vector because rats and
other mammals are capable of swimming from
an anchored vessel to shore (Russell et al.
2005). In fact, at least 2 invasive raccoons
(Procyon lotor; native to mainland California,
but not native to any of the California Islands)
were observed swimming to a neighboring
island from anchored private vessels (J. King
personal communication). We considered likely
introduction points to be island locations
<500 m from the ocean and in close proximity
to areas frequently visited by private sailboats
and other vessels (as mapped by satellite data).
We distributed these points in such a way that
maximized island-wide coverage.
Rats display an aversion to new items in a
previously explored environment (Barnett 1958).
We used noninvasive camera traps baited with
scent lures and, understanding that we might
be placing a camera in the established territory of an incipient rat, we used long intervals
between trap checks to allow a possibly resident rat to become comfortable with the device,
thus increasing the probability of detection.
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Limited by funding for cameras and project
time to deploy those cameras, we chose to
place 15 remote-sensing Reconyx Inc. cameras
in a new location every 3–6 months (September 2011, November 2011, March 2012, October
2012, and March 2013). Cameras recorded one
digital photo each time the motion-sensing or
heat-sensing trigger was activated. The cameras
were equipped with an infrared flash, allowing
for night monitoring. We used a helicopter to
access many locations, thereby avoiding disturbance to surrounding habitat and difficulties usually associated with accessing remote
areas by boat or trail. Within the optimal viewing area, at 3 m in front of the camera, a scent
lure (Hawbaker’s muskrat lure—tested and
used to lure in rats on San Miguel Island,
USA) was deposited on lamb’s wool under a
wire-mesh square. We placed rocks over the
mesh to ensure that island foxes (Urocyon littoralis) could not disturb the lure. As evidenced by consistent visitation to the lure by
native foxes and skunks, these lures remained
attractive for the 3–6 month duration of the
camera set. At the end of each monitoring
period, we removed the cameras, downloaded
the data, and within a day redeployed the
cameras to new locations. Thus we were able to
survey points at reasonably short-distance intervals along the entire island’s shoreline within
a 1-year time frame. With increased program
funding, we could reduce the time interval
between camera checks and redeployment.
Minimizing data requirements and thus data
processing time allowed us to reduce the cost
of the project. After collecting the cameras
deployed in September 2011 and November
2011, we reviewed the camera data in Adobe
Photoshop Lightroom 4 and cataloged the
species in each photo. We concluded that
the cameras were functioning adequately, so
cost-cutting measures were implemented. Photos were no longer individually cataloged by
species but were only reviewed to detect invasive species, which reduced photo processing
time from 30 hours to 2 hours.
Concerned about the possibility of a camera
malfunctioning at a given site, we evaluated
redundant, inexpensive, and simple secondary
detection techniques. Hair snares were considered but were rejected because of the
concern that rats would only use designs that
would be overwhelmed by island fox use and
island fox hair. We decided to use chew cards,
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intended to draw in mammals which then bite
on the baited card and leave a tooth imprint.
The tooth imprint (width of the incisors) of a
large invasive rodent can be distinguished
from that of the small native rodents (e.g.,
mice; Sweetapple and Nugent no date). Chew
cards were made of corrugated plastic cut into
2 × 4-inch rectangles. One end was dipped
into a melted solution of 1 part peanut butter
and 3 parts sugar and the other end into
muskrat lure (Sweetapple and Nugent no date).
We zip-tied 10 to 20 cards to vegetation at
each monitoring location. After collection,
most chew cards contained tooth impressions
of island foxes and of mice. No invasive mammal tooth imprints were ever detected at any
of the remote locations. To reduce total project
cost, chew cards were not cataloged by species.
It is likely that the low number of native mammals on this island increased our ability to
quickly assess the cards for the presence of
invasive mammal tooth impressions.
To date, we have rotated the 15 cameras to
a total of 70 locations and reviewed data from
55 of those locations. The data were fully cataloged after the first 2 deployments (and 8
months of data) such that at 29 monitoring
locations, a total of 24,582 digital photographs
and 400 chew cards were analyzed for evidence of invasive species (Table 1). A total of
7460 digital photographs were triggered by a
variety of fauna (Table 1) over an 8-month
period (3330 camera nights). Fortunately, no
sign of rats or other invasive species was detected. A few cameras were responsible for a
high percentage of misfires which is an indication that some camera placements were not
ideal and that loose vegetation frequently triggered a photo (Table 1).
The cameras could likely be left on-site to
collect data for at least a year. After 4 months
of deployment between November 2011 and
March 2012, camera batteries were nearly fully
charged and the 4 GB memory cards were on
average only one-eighth full. The benefits of
detecting an incursion in a timely fashion must
be weighed against the financial cost of frequently accessing and replacing the cameras.
Off-island Prevention and Educational
Outreach: Gear Checks and
On-island Signage
Gear checks and biosecurity education
are key programmatic elements designed to
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TABLE 1. Data collected from remote camera monitoring efforts August 2011–March 2012 at 29 locations on Santa
Cruz Island, California. In addition to the fauna categories listed here, photos were obtained of invertebrates (n = 10),
herpetofauna (n = 6), and field technicians (n = 246). In some cases, multiple species were detected in the same photo.
Site

Total
photos

Camera
misfire

Island
fox

Spotted
skunk

Deer
mouse

Raptor

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
TOTAL

4135
13
250
36
255
0
463
73
63
1132
628
161
0
23
509
214
250
2028
245
384
64
209
318
130
1016
2364
8104
355
1160
24,582

4034
10
5
5
9
0
253
10
21
72
627
36
0
0
497
40
28
1130
31
136
18
14
5
16
634
1934
7285
3
68
16,921

84
0
245
20
177
0
140
61
32
950
1
58
0
23
7
184
88
607
161
72
24
110
180
77
61
369
479
325
26
4561

2
0
0
11
19
0
1
1
0
0
0
6
0
0
1
0
0
8
4
0
0
0
15
0
20
8
104
0
0
200

2
3
0
0
21
0
2
0
5
11
0
50
0
0
0
1
0
56
0
0
0
37
0
35
56
0
53
1
1
334

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
6
0
0
0
0
0
0
0
24
0
38
0
0
68

prevent the transport of small propagules and
cryptic species. NPS, TNC, and the private
concessionaire passenger service, Island Packers
Company, have agreed to a list of items that
are likely to transport high-risk species (e.g.,
Rattus spp., weeds, insects, and New Zealand
mud snail) and have prohibited those items
from the transport vessels. Clothing and gear
checks at NPS boats and concessionaire locations are implemented primarily by volunteers
working for NPS or the private concessionaire. The volunteer personnel look for protocol violations and suggest alternative packaging or sanitary procedures wherever possible.
To address the risk of canine-borne diseases
to the island, we have implemented an onisland educational outreach effort targeting
recreational boaters. Pets are not allowed on
the NPS or concessionaire boats, thus private
vessels are the most likely vector of the highrisk canine diseases. In 2011, we posted educational signage at the 3 most popular anchorages with information for boaters describing

Passerine
2
0
0
0
0
0
70
1
5
66
0
7
0
0
4
2
11
5
0
69
17
33
0
0
134
31
29
2
0
488

Sea
bird

Chew cards
retrieved

0
0
0
0
3
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
890
890
1783

20
11
21
11
17
10
7
20
10
30
12
17
6
20
19
3
16
12
17
17
10
8
13
18
13
10
14
11
7
400

the dangers of transporting companion animals to the island. Specifically, the signs inform
boaters that pets arriving from the mainland
could carry diseases that could infect the native,
endangered island fox. The island fox population on neighboring Santa Catalina Island
experienced a precipitous decline in 1999
(Coonan et al. 2010) due to a disease likely
vectored from the mainland. By explaining
the rationale behind the island-wide prohibition of companion animals, we hope to gain
broader compliance with rules regarding pets.
We have developed educational materials
explaining the threats posed by hitchhiking
weed seeds and placed the information in
trail guides and TNC-issued landing permits,
which must be obtained by private boaters
before visiting TNC property. These materials
describe the restoration work that has occurred on Santa Cruz Island over the last 30
years and highlight the need for all visitors
to actively protect the island from invasive
species.
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TABLE 2. Weed species targeted for eradication by The
Nature Conservancy on Santa Cruz Island, California.
Scientific name

Common name

Acacia decurrens
Acacia melanoxylon
Albizia lophantha
Carduus pycnocephalus
ssp. pycnocephalus
Centranthus ruber
Cortaderia selloana
Ehrharta erecta
Eriogonum giganteum
var. giganteum
Ficus carica
Genista monspessulana
Hedera canariensis
Helichrysum petiolare
Malva assurgentiflora
Oenothera xenogaura
Olea europaea
Opuntia ficus-indica
Pelargonium x hortorum
Phalaris aquatica
Pinus pinea
Rubus armeniacus
Schinus molle
Solanum elaeagnifolium
Tamarix ramosissima
Washingtonia robusta

Green wattle
Blackwood acacia
Plume acacia
Italian thistle
Red valerian
Pampas grass
Panic veldt grass
Saint Catherine’s lace
Fig tree
French broom
Canary Islands ivy
Licorice plant
Catalina mallow
Beeblossom
European olive
Mission cactus
Garden geranium
Harding grass
Italian stone pine
Himalayan blackberry
Peruvian peppertree
White horse nettle
Tamarisk
Mexican fan palm

Rapid Response Planning: Rat Detection Kit
A rapid response plan should be enacted
for high-risk species that reproduce or spread
quickly and thus require removal soon after
first detection. A proactive, rapid response
plan could include obtaining detection supplies and compliance documents for eradication. On Santa Cruz Island, there were annual
unconfirmed rat sightings in 2009–2012, and it
was necessary for land managers to quickly
assess the veracity these sightings. In 2011,
we developed a rat rapid response kit which is
readily available in the event a rat is reported.
The kit includes materials and protocols used
to initiate camera trapping (4 remote cameras,
AA batteries, memory cards, bungee cords,
and the remote camera monitoring protocol
described above) and live trapping (10 Tomahawk collapsible traps for squirrels and Hawbaker’s muskrat lure) to detect invasives and
investigate the magnitude of an infestation.
The kit is located on the mainland so that it is
available for deployment to any of the California Islands within a day of a report. The
kit is a first response tool used to document
presence of rats, if they exist. If an infestation
is detected, an eradication effort would entail
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a larger response including lethal traps and
rodenticides. Currently, TNC and NPS do not
have federal or state compliance documents
in place that would allow use of broadcast
rodenticides on the Northern Channel Islands.
However, it is a goal of the California Islands
Biosecurity Working Group (see section below)
to obtain those permits that would allow for a
rapid eradication response.
On-island Biosecurity: Detecting and Treating
Localized Populations of Invasive Plants
For islands that host small populations of
ecologically destructive invasive species, onisland biosecurity in the form of control or
eradication may be crucial to protect native
species assemblages. On Santa Cruz Island,
invasive plant mapping and treatment targets
specific weeds for eradication. We designed
our methods (1) to prevent the establishment
of new populations of target invasive species,
(2) eventually eradicate these species from the
localized areas where they have established,
and (3) search for unrecorded populations of
novel weed species.
A risk assessment of established invasive
plant species was conducted for Santa Cruz
Island to guide the on-island biosecurity
efforts. An island-wide weed map and weed
management strategy completed in 2007
(Knapp et al. 2007, 2009) documented the
locations of 55 habitat-modifying weed species,
representing nearly one-third of the known
nonnative plants present on the island (Junak
et al. 1995). From that list of 55 invasive
plants, we targeted 24 for eradication based
on their population size and their potential
to outcompete native species (Table 2). The
eventual success of the eradication effort
hinges on our ability to detect new populations that may establish due to a latent seed
bank, arrival from the mainland via wind or
ocean currents, or animal-mediated transport
(bird excrement or human clothing/equipment).
Thus, we invest a significant amount of
searching and treatment effort each year so
that gains made in previous years are not lost.
In 2010, we initiated a program to search
for new populations of targeted weeds near 10
commonly used anchorages, assuming that
these weeds might be vectored to the island
by private boaters and ocean currents. The
detection methods we employed allowed us to
search for novel species in addition to the
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target invasives. Ten new populations of targeted invasives were documented and treated
that year, and no novel weeds were detected.
The effort was considered effective at those
sites but limited in island-wide efficacy, because we did not survey introduction points
via vectors such as bird excrement or wind.
In 2010–2011, we conducted a search for
new target invasive populations concurrently
with our annual remote weed eradication
efforts (Cory and Knapp 2014). We accessed
known populations of target weed species via
helicopter. Varying the flight path in and out
of these locations allowed us to search for
new populations of unrecorded target species
and incipient problem species around the
areas where our target weeds had at one point
been introduced. We believed these areas
might be prone to future introductions or
experience resurgence from existing seed
banks. We detected 162 new populations of
our targeted weeds, treated them, and entered
their locations into our weed database so they
could be annually monitored and treated as
needed to ensure eradication. This technique
required more effort and was considered more
effective at finding and treating new populations primarily because it allowed a greater
area to be surveyed.
THE FUTURE OF BIOSECURITY: COLLABORATION
Early detection and prevention efforts, educational outreach, rapid-response plans, and
on-island biosecurity programs collectively
represent the first phase of biosecurity action
for Santa Cruz Island. Additional proactive
planning and vigilance are needed, as some
priority species and target vectors are not
sufficiently monitored by current protocols.
Regular program audits must be prioritized to
ensure up-to-date threat protection. Although
measurement is difficult, managers should
attempt to quantify biosecurity program success. Additional components of biosecurity
programs are time intensive and expensive,
and economy is required if we are to implement these critical priorities. Currently the
California Island land managers are working
independently to combat invasive species
introductions on individual islands. We suggest that a second phase of biosecurity protection is required: one that pools available
resources and expertise among the California
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Islands to more economically implement
effective biosecurity protection and attract
funding opportunities.
Internal audits of biosecurity programs
are critical to compliance and programmatic
longevity. Managers should perform regular
assessments to evaluate levels of incursion risk
against the resources available to combat
invasive species (Blue et al. 2011). Protocol
selection should be reassessed and target
organisms reevaluated to ensure an effective
program. Efficacy should be quantified by data
when available or by manager consensus. Currently there is no formal audit of the Santa
Cruz Island biosecurity program, but we are
reviewing the biosecurity programs for individual California Islands and will reassess,
condense, and develop archipelago-wide procedures during that process.
Quantifying the success of biosecurity programs is difficult because the desired result
is nondetection of invasive species. Off-island
prevention protocols are not often able to
capture data on the likelihood of stowaway
species being detected but rather are de signed to be effective in entirely preventing
transport of contaminated materials. Data for
on-island early detection programs often are
not analyzed to determine detection probability, and financial constraints frequently
limit the monitoring data that can be collected. Thus, by default, managers generally
assume that a lack of detection indicates a
lack of invasive species presence. We are more
capable of evaluating the success of educational outreach with before and after surveys
designed to capture changes in public attitudes or actions. In 2014, we will expand
our educational outreach in collaboration
with other California Islands and conduct
these surveys as a component of that outreach. However, those data will only illustrate
changes in visitor behavior and will not
quantify the number of species prevented
from establishing on islands as a result of the
educational campaign. Thus, the survey data
is an indirect way of ascertaining the ecological effects of prevention efforts and should
properly be characterized as a measure of
visitor awareness. Considering these data
gaps, we must recognize that the decisions to
implement protocols are usually resource- or
preference-driven rather than data-driven. As
we develop a more streamlined biosecurity
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program, care should be taken to gather efficacy data wherever economically and logistically feasible.
The history of invasive species removal,
conservation management, and initiation of
proactive biosecurity is not unique to Santa
Cruz Island but is a story shared by all California Islands. Similar biosecurity protocols
such as invasive species prevention, weed
management, and biosecurity education are
already in place on each island. There is growing recognition that managers may accrue a
myriad of benefits by coordinating their biosecurity efforts. Economies of scale may be
achieved by developing shared educational
materials and a common set of monitoring
protocols. Likewise, rat detection kits and
other rapid response materials can be shared
among partner islands when the need arises,
thereby reducing duplicate efforts. To this
end, in 2012, managers and partners of the
California Islands formed the California
Islands Biosecurity Working Group, which
will collaborate on a number of biosecurity
initiatives, including the development of a
comprehensive biosecurity plan for the archipelago. This cooperative effort will incorporate the most effective biosecurity protocols
from among the islands, enhance our ability
to secure funding for these initiatives, and
provide a voice for biosecurity to concessionaires, island users, the public, and regulatory
agencies. Further, this collaboration represents a defining transition in conservation
management on the California Islands: since
many of the nonnative invasive species that
had demanded intensive and reactive crisis
management are now removed, going forward,
managers can focus on proactive prevention
of threats to the exceptional conservation
values of the archipelago as a whole.
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ECOSYSTEM RESTORATION ON SANTA CATALINA ISLAND: A REVIEW
OF POTENTIAL APPROACHES AND THE PROMISE OF
BOTTOM-UP INVADER MANAGEMENT
Denise A. Knapp1
ABSTRACT.—Restoring large, complex landscapes can be challenging, especially given that some threats to native
diversity and ecological function cannot be wholly eliminated. Santa Catalina Island, California, provides a valuable case
study because its challenges include a variety of ecosystem threats, legal restrictions, and cultural attachments, as well
as a vocal resident human population that often does not agree with conservation actions. Catalina Island has been
highly modified by numerous invasive species, fragmentation and erosion from roads, altered hydrology from dams, and
increased fire frequency. In this paper, I build on a previously published review of resources and threats and discuss
potential management actions for those threats. Although the island’s large size, rugged topography, and pervasive
human influence limit management options, several feasible actions could have an important restorative effect. In particular, “bottom-up” invader management may be a relatively noncontroversial way to produce multiple positive outcomes. Reducing fragmentation, restoring natural hydrologic regimes, and augmenting native plant cover could disadvantage invasive plant and animal species while promoting the native flora and fauna.
RESUMEN.—El desafío de restaurar grandes y complejos paisajes puede ser difícil, especialmente porque algunas
amenazas a la diversidad nativa y funciones ecológicas no pueden ser eliminadas por completo. La Isla Santa Catalina,
California, proporciona un valioso caso de estudio, ya que cuenta con una variedad de amenazas al ecosistema, restricciones legales y añadidos culturales, así como una población humana residente que a menudo no está de acuerdo con las
medidas de conservación. La Isla Catalina ha sido modificada por numerosas especies invasoras, la fragmentación y la
erosión por los caminos, la hidrología alterada por las presas y un aumento en la frecuencia de incendios. En este
artículo, construyo sobre un resumen previamente publicado de recursos y amenazas, y discuto las acciones potenciales
de intervención para tales amenazas. Aunque el gran tamaño de la isla, la topografía escabrosa y la influencia humana
limitan algunas opciones de intervención, varias acciones factibles podrían tener un efecto fortalecedor importante. En
particular, el tratamiento “bottom up” (de abajo hacia arriba) del invasor podría ser una forma relativamente no controversial de producir múltiples resultados positivos. La reducción de la fragmentación, la restauración de los regímenes
hidrológicos naturales y el aumento de la cobertura vegetal nativa podrían crear una desventaja para las especies de animales y de plantas invasoras, y promover la flora y fauna nativa.

Challenges of large-scale ecological restoration include technical issues such as ubiquitous and tenacious invasive species, institutional constraints such as funding and legal
restrictions, and social challenges such as public resistance. Given these challenges, some
threats to native species and ecoystems cannot
be wholly eliminated. Santa Catalina Island,
California, provides a case study of such land
management challenges. The island has experienced a variety of anthropogenic stressors,
including invasion by numerous transformative nonnative species, fragmentation and erosion from roads, altered hydrology from dams,
and increasing fire frequency, which have left
the ecosystem highly modified. The island’s
large size, rugged topography, and pervasive

human influence reduce the likelihood that
many transformer species can be eradicated.
Thus, the island’s land managers need to
develop cost-effective, alternative means of
reducing the adverse impacts of such species.
A focus on species interactions, community
dynamics, and ecosystem processes can be
especially important for identifying those
management alternatives (Zavaleta et al. 2001,
Rayner et al. 2007).
Here, I discuss restoration alternatives for
the major threats to Catalina Island’s resources
that were reviewed in Knapp (2010a), and I
highlight how land managers might benefit
from undertaking “bottom-up invader management” actions. Bottom-up invader management (sensu McEvoy and Coombs 1999)

1Santa Barbara Botanic Garden, 1212 Mission Canyon Road, Santa Barbara, CA 93105. E-mail: dknapp@sbbg.org
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emphasizes the use of resource limitation to
control invaders instead of top-down control
methods, such as hunting. It may involve mitigation of stressors on native taxa, manipulation
of disturbance regimes, soil conditions, and
other abiotic factors, or increasing competition through actions such as seeding native
plants (D’Antonio and Chambers 2006). Such
activities on Catalina Island may also include
dam and road removal, which are relatively
noncontroversial actions that would not only
ease the immediate stressors of hydrologic
alteration, fragmentation, and denudation but
would also have the secondary benefit of
putting many of the island’s plant and animal
invaders at a disadvantage.
Setting and Management History
At 194 km2, Catalina Island is the third
largest of the 8 California Channel Islands
and is located approximately 32 km from the
southern California mainland coast (Schoenherr et al. 1999). The island is characterized
by numerous steep canyons; perennial streams
are limited to a few dominant canyons near
the center of the island. The island has a long
history of human use, from native Tongva
settlements to Spanish missionaries, Yankee
traders, and otter hunters in the early 1800s,
and squatters, miners, and Union soldiers in the
mid-1800s (Moore 2009). Between the mid1800s and mid-1900s, multiple ungulates were
introduced, including feral goats (Capra hircus),
feral pigs (Sus scrofa), American bison (Bison
bison), mule deer (Odocoileus hemionus californicus), domestic sheep (Ovis aries), and cattle
(Bos taurus), resulting in the deterioration of
habitat (Coblentz 1980). Sheep and cattle were
the first nonnative animals to be eliminated
on the island by the mid-1920s and late 1950s,
respectively (O’Malley 1994). Cumulatively,
browsers have reduced the extent of shrubland on the island, which has been replaced
with introduced annual grasses (Minnich 1982).
Introduced ungulates have also caused the open
understory of much of the island’s oak stands.
The consequent reduction of vegetation structure and diversity has undoubtedly reduced
the abundance and diversity of the wildlife
that depend on it, from invertebrates (Lawton
1983, Bennett 1993) to native vertebrates
(Tietje and Vreeland 1997, Sillett et al. 2012).
Catalina Island is the only one of the 8 California Channel Islands with an incorporated
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city (Avalon), and the island receives about one
million visitors per year (Catalina Island
Chamber of Commerce and Visitors Bureau
2012), the majority of whom remain in Avalon.
The founding of Avalon led to increased
development of the rest of the island, including a stagecoach route and hunting lodge; a
World War II camp; ranch settlements, dams,
and camps in the majority of the island’s
coves; and an airport carved off of one of the
tallest peaks on the island. Today, the Catalina
Island Conservancy (hereafter, Conservancy)
owns and manages 88% of the island; its mission is to be a responsible steward of the land
through a balance of conservation, education,
and recreation.
The Conservancy has taken important steps
to recover the island from centuries of human
impacts. Feral goats and pigs have been removed, a hunting program is maintained for
mule deer, and bison are managed through a
contraception program. The most transformative nonnative plant species have been identified, and they are being managed throughout
the island by focusing simultaneously on
eradication of limited-abundance, high-impact
species and control of more widespread species
in priority areas (Knapp 2010b, Knapp et al.
2011). The Catalina Island fox (Urocyon littoralis catalinae) has been brought back from
the brink of extinction, following an outbreak
of canine distemper virus, through a combination of translocations, captive breeding, and
vaccinations (Coonan et al. 2010). Yet much
more remains to be done to ensure the persistence of at least 42 taxa found only on Catalina Island (as well as a number of other
Channel Island endemic taxa) and to maintain
diverse, resilient communities. Herein I review
management alternatives for threats stemming
from invasive species and habitat alteration
and discuss how managing the latter may be a
means to help manage the former.
THREAT MANAGEMENT OPTIONS
AND FEASIBILITY
Mule Deer
The impacts of introduced deer species are
especially severe on islands, where deer lower
species richness, change community composition, endanger rare plants, and reduce wildlife
populations of various trophic levels (reviewed
in Knapp 2010a). On Catalina Island, mule
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deer reduce shrub and tree cover and survivorship, particularly postfire (reviewed in
Knapp 2010a). In contrast to many of the other
invasive wildlife species on the island, mule
deer eradication on Catalina Island is technically feasible, as evidenced by the prior
removal of both feral goats and feral pigs
(Schuyler et al. 2002a, 2002b), the recent removal of deer and elk (Cervus elaphus) on
nearby Santa Rosa Island (Kettmann 2011), and
improvements in the technology available to
detect and dispatch ungulates, thus ensuring
their complete removal (Morrison et al. 2007).
An increase in native perennial grasses and
shrubs, as well as a decrease in exotic annual
grasses, was found on Santa Rosa Island following removal of cattle and reduction of both
Roosevelt elk and mule deer herds, although
effects vary by taxa, functional group, and
physical environment (Christian et al. 2008,
Corry and McEachern 2008, Dow et al. 2008).
Mule deer eradication would require either
permission from the California Department
of Fish and Game, which has legal jurisdiction
over the deer, or a change in state law. The
Conservancy has sought permission for private
control over management efforts with little
success to date. A change in state regulation
would likely be required. Mule deer have been
harvested almost annually on the island from
1949 through the present, most recently as
part of the Private Lands Management Program of the California Department of Fish and
Game. However, recreational hunting alone
is unlikely to sufficiently control an invasive
mammal such as mule deer (Mack et al. 2000).
American Bison
American bison reduce plant diversity and
cover on Catalina Island, simplify habitat
structure, trample woody species such as oak
trees, and facilitate the dispersal of nonnative
plants. However, they also appear to have the
beneficial effect of controlling invasive annual
grass densities (reviewed in Knapp 2010a).
Bison are currently managed to approximately
150–200 individuals on roughly one-half of the
island via immunocontraception (Duncan et
al. 2013). Their complete removal would be
technically feasible, given prior success of
roundup efforts on the island and removal
of ungulates on multiple other islands. There
would be social obstacles, however, as the
bison are a beloved feature of the Catalina
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Island landscape and a source of ecotourism
dollars. Restriction of their range to a location
most visible to tourists could be a viable solution and is the option favored by research scientists (Sweitzer et al. 2003). Restricting bison
presence to the most heavily toured area of
the island would balance maintenance of the
ecological integrity of the island with cultural
and economic considerations.
Cats and Rats
Cats (Felis catus) and rats (Rattus spp.) are
believed to be responsible for the extinction
of hundreds of taxa, including birds, small
mammals, herpetofauna, and invertebrates (reviewed in Knapp 2010a). In addition, rats can
restrict plant regeneration and abundance,
and cats are believed to compete with the
Catalina Island fox (reviewed in Knapp 2010a).
The ecological effects of these 2 species on
Catalina Island are not well understood, however, and it is possible that the presence of a
native predator, the fox, moderates feral cat
impacts (McChesney and Tershy 1998).
Management of introduced cats and rats on
Catalina Island is complicated by their combined presence, as well as the presence of
multiple nontarget species, such as native
rodents, birds, and foxes. Removal of cats
without control of introduced rats could have
the unintended consequence of reducing native wildlife populations even further through
mesopredator release (Courchamp et al. 1999,
Rayner et al. 2007). Fan et al. (2005) recommend controlling the rodents first and the
cats second, or controlling both simultaneously.
Although eradication of rodents first may further increase predation by cats on threatened
native species (Courchamp et al. 1999), the
benefits of eventual removal of the superpredator may outweigh the immediate costs
of mesopredator release (Russell et al. 2009).
Transformer rodents such as rats have been
eradicated from 284 islands, the largest of
which is 11,300 hectares (Howald et al. 2007).
Aerially applied rodenticide is used in the
majority of those eradications (Howald et al.
2007), and captive management or translocation of native species in danger of nontarget
poisoning can reduce impacts to those species
(e.g., Shah 2001, Merton et al. 2002, Howald
et al. 2005). Feral cats have been removed
from at least 48 islands globally, the largest of
which is Marion Island, at 290 km2, or 71,660
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acres (reviewed in Nogales et al. 2004). However, that removal was accomplished only
with 19 years of sustained effort and multiple methods on an island with no permanent
human population (Bester et al. 2002). This
long-term commitment and lack of public
opposition was undoubtedly critical to that
project’s success. Cats were recently removed
on San Nicolas Island, California, primarily
through live capture (Hanson et al. 2010,
Stephenson-Pino 2012). However, the modified
padded leghold traps used on that project are
only legal on federally owned lands in California (Hanson et al. 2010).
The eradication of both cats and rats on the
entire Catalina Island would be hindered by
the presence of vocal opponents, the existence of extensive cat colonies on public land,
the large size and ruggedness of the island,
and the presence of nontarget native species.
Localized control in priority areas could be a
viable management alternative to eradication
(Jouventin et al. 2003, Ogden and Gilbert
2009); however, long-term efforts can be prohibitively costly (Howald et al. 2005) and
toxin buildup in the environment or evolution of toxin resistance is a concern (Innes and
Barker 1999). Rat-proof exclosures, such as
those described by Campbell and Atkinson
(2002) or Day and MacGibbon (2007), have
been used successfully and can minimize the
need for ongoing control. They are being used
to protect areas up to 250 ha in New Zealand
(McLennon 2006) and could conceivably be
altered to exclude cats as well.
Habitat restoration could limit the impacts
of invasive rats. In Madagascar, rats were
more abundant in smaller habitat fragments,
while endemic rodents declined in such fragments (Ganzhorn 2003). Unnecessary roads
could be removed and revegetated in order to
provide the contiguous habitat that favors
native species over these invaders. Additionally, immunocontraception, including that vectored by species-specific viruses, may be a
promising technique (Courchamp et al. 2003,
Hardy et al. 2006).
European Starlings
European Starlings (Sturnus vulgaris) have
negative effects on other members of the
woodpecker family, as well as on some birds in
other families (reviewed in Knapp 2010a).
They also preferentially disperse seed of

[Volume 7

nonnative plant species over natives (reviewed
in Knapp 2010a). Due to the starling’s status
as an agricultural pest, much effort and funding has been expended on its deterrence and
control (e.g., Garner 1978). Harassment using
both visual and sonic frightening devices has
been utilized in the United States, but with
little success (Brough 1969, Clark 1976, Garner
1978, Belant et al. 1998, Seamans et al. 2001,
Blackwell et al. 2002). Such deterrents are not
successful in the long term and only move the
problem elsewhere (Feare et al. 1981, Dinetti
2006). Several methods of lethal control have
been used, including application of a chemical
avian stressing agent (Starlicide), dynamiting,
and shooting (Clark 1976, Garner 1978, Feare
1991). The avian stressing agent reduced the
starling population to varying degrees, from
<1% to 99% (Garner 1978). Killing programs
for bird pests are expensive and generally
unsuccessful, due to both immigration from
neighboring areas and compensatory reproduction (Feare 1991). Furthermore, some of
the methods are particularly inhumane.
The most promising avenue for starling
control is through habitat management. Generally, starlings favor disturbed, homogeneous
habitat (such as agricultural fields or invaded
monocultures); therefore, their concentrations
could be limited by enhancing native habitat
cover and heterogeneity (Clergeau and Fourcy
2005). One component of this approach may
be herbivore removal. Diamond and Veitch
(1981) have reported that browsers and grazers
are a factor in bird invasion, along with habitat fragmentation.
Wild Turkeys
It is not known if Wild Turkeys (Meleagris
gallopavo) still occur on Catalina Island. However, if they do still exist, they are expected to
have negative effects on plant regeneration,
particularly oaks (reviewed in Knapp 2010a).
Under the precautionary principle, land managers have eradicated Wild Turkeys from Santa
Cruz Island (Morrison 2007). Wild turkey removal on Catalina would be relatively feasible,
given their limited distribution and large size.
Brown-headed Cowbirds
Brown-headed Cowbirds (Molothrus ater)
are brood parasites and may have a substantial
adverse effect on rare passerine bird populations (reviewed in Knapp 2010a). Like the
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European Starling, the Brown-headed Cowbird
is favored by human-modified habitats and
fragments (Lowther 1993). Trapping at important breeding areas has been the only means
of successful control of Brown-headed Cowbirds to date (Lowther 1993). Research conducted by Staab and Morrison (1999) suggests
that riparian management favoring greater
understory cover can help to reduce parasitism by this species. This objective could
be promoted by ungulate removal and habitat
restoration, as with starlings.
American Bullfrogs
American bullfrogs (Rana catesbeiana) are
believed to be at least partly responsible for
the decline or extinction of 7 native frogs in the
Southwest, along with many other native
amphibians elsewhere in the world. They pose
a risk to snake and fish populations (reviewed
in Knapp 2010a), and they have also been the
causal agents of diseases such as chytridiomycosis, which is implicated in global amphibian
declines (reviewed in Knapp 2010a). No islandspecific data have been collected regarding
their impacts, but bullfrogs occupy reservoirs
throughout the island.
It is widely agreed that bullfrogs are
extremely difficult to eradicate due to their
high fecundity, density dependence, and evasiveness (Schwalbe and Rosen 1988, Lever
2003, Adams and Pearl 2007). Eradication and
control methods used to date include electrification of pond water followed by manual
removal of both adults and larvae; chemical
and biological control methods; funnel traps;
lethal control with air rifles or gigs; and the
clearing of vegetation and addition of lime to
eliminate eggs and tadpoles (Schwalbe and
Rosen 1988, Lever 2003). However, population reductions have been small and shortlived, even in relatively isolated desert ponds
(Schwalbe and Rosen 1988). Results of bullfrog population models suggest that they may
be most effectively controlled by culling juvenile
frogs in the fall (Govindarajulu et al. 2005) or
with a combination of lethal control of adults
and pond draining at least every 2 years (Doubledee et al. 2003). However, a combination of
adult capture, pond drainage, pond excavation, and capping did not fully eradicate the
frogs in one British pond, presumably because frogs are able to remain deep in burrows and vegetation (Lever 2003).
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The best prospects for invasive bullfrog
control appear to be habitat management
(Adams and Pearl 2007). Because bullfrogs
overwinter as larvae (tadpoles) in the water,
they generally cannot live in water sources
that frequently dry up (Orchard 1999, Maret
et al. 2006). The Conservancy could actively
manage ponds and reservoirs on the island
to favor native wildlife by promoting more
ephemeral wetland habitats over permanent
ponds (Adams 1999, 2000, Maret et al. 2006)
and by encouraging shallow water, sloping
banks, and emergent vegetation (Kiesecker et
al. 2001, Porej and Hetherington 2005, Adams
and Pearl 2007, Minowa et al. 2008). Dam
removal would facilitate these goals.
European Honey Bees
The balance of evidence suggests that
European honey bees (Apis mellifera) have a
negative impact on native bees and that they
reduce pollination services, decrease the seed
set of native plants, and preferentially pollinate the flowers of nonnative plants (reviewed
in Knapp 2010a). Oldroyd (1998) reviewed the
known methods for controlling honey bees,
which include manual hive location or pheromone lures and insecticide application or
remote application of insecticide through
trained forager bees. Honey bees have been
declining in North America due to a combination of pesticides, parasitic mites, and invasion
of the African honey bee (Sugden et al. 1996);
and such natural stressors have been used to
the advantage of honey bee management on
Santa Cruz Island (Wenner et al. 2000). Prior
to this action, honey bee colonies were identified by their foraging patterns and ranges
(Wenner and Thorp 1994) then removed by
closing off all entrances to the colony, inducing suffocation (after anesthetization; Wenner
et al. 2000). Swarm traps baited with pheromones were also used to attract the bees
(Wenner et al. 2000).
Habitat restoration could also be practiced
to moderate the effects of introduced honey
bees. Ongoing removal of transformer plants
used by honey bees, such as fennel (Foeniculum vulgare), yellow star-thistle (Centaurea
solstitialis), and flax-leaf broom (Genista linifolia), would remove any facilitation between
these invasive species. In addition, native
nectar- and pollen-producing plants could
be supplemented, particularly those that will
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increase diversity, to ensure that floral
resources are not limiting for native species
(e.g., Paton 2001) and to increase native bee
diversity (Hopwood 2008). Lastly, habitat
clearing and fragmentation could be minimized, as this favors honey bees (Aizen and
Feinsinger 1994), and all island landowners
could adopt a policy that prohibits managed
honey bee hives.
Argentine Ants
Argentine ants (Linepithema humile) are
associated with reduced arthropod diversity
and abundance and native bee foraging, as
well as the disruption of mutualistic and parasitic relationships (reviewed in Knapp 2010a).
The presence of ants can shift entire food
webs and may also impact small mammals,
birds, reptiles, and amphibians (reviewed in
Knapp 2010a). On Catalina Island, Argentine
ants are associated with reduced native ant
diversity, particularly of endemic species
(Backlin et al. 2005). There is a large amount
of literature on chemical control methods for
Argentine ants, particularly in urban settings
and agricultural areas (reviewed in Rust et
al. 2003, Soeprono and Rust 2004, Klotz et al.
2007). Some eradication attempts have recently
been successful for a variety of invasive ants
on islands, including the Argentine ant (reviewed in Silverman and Brightwell 2008).
Factors that have contributed to the success of
these efforts have been the presence of only
small, localized infestations; the use of a helicopter to spread bait; and a combination of
techniques, including the removal of alternative food sources (Silverman and Brightwell
2008). A combination of synthetic trail pheromones and insecticide can also be effective
(Sunamura et al. 2011). Recently, an experimental bait distributed in hydrated polyacrylamide beads has been applied in a trial area on
Santa Cruz Island with great success and minimal disturbance (Boser et al. 2014a), and this
bait is currently being applied to other locations on the island via helicopter.
A variety of techniques other than chemical
means could be investigated to limit Argentine ant abundance. Promoting increased aggression within Argentine ant supercolonies
by adding individuals of different genotypes
may reduce densities of this social species
(Suarez et al. 1999, although see Tsutsui et al.
2003, Buczkowski and Silverman 2006, and
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Thomas et al. 2006). Alternative approaches
to pesticides include the use of disruptive
hormones and pheromones (Krushelnycky et
al. 2002, Suckling et al. 2008). Biological control may also be successful, if an appropriate
natural enemy can be identified (Silverman
and Brightwell 2008). Lastly, bottom-up approaches could help favor native taxa over
Argentine ants. Because fragmentation of natural habitat increases the success of Argentine
ants, maintenance of unfragmented habitat
blocks is particularly important to invasion
resistance (Bolger 2007), as is limiting urban
runoff and irrigation (Menke and Holway
2006).
Invasive Plants
The Conservancy has supported extensive
management of transformer plants. This has
involved a thorough mapping of all manageable invaders then eradication of high-impact,
low-abundance species and control of highimpact, high-abundance taxa in priority areas
(Knapp and Knapp 2005, Knapp 2010b).
Treatment along dispersal corridors and prevention of new introductions are integral components of this effort (Knapp 2010b). In areas
of extensive invasion, control could be combined with revegetation efforts to ensure that
these areas are not colonized by undesirable
species. Integrated vegetation management,
which combines invasive plant control with
native outplantings and manipulation of biotic
and abiotic factors that control plant establishment and growth, can be effective (Sheley and
Krueger-Mangold 2003, D’Antonio et al. 2004,
Erskine-Ogden and Rejmánek 2005).
Nonnative annual grasses are not currently
addressed in the Conservancy’s invasive plant
management program because they are
ubiquitous throughout the island and consequently difficult to manage. These grasses—
including bromes (Bromus spp.), wild oats
(Avena spp.), ryegrass (Lolium spp.), barley
(Hordeum spp.), Arabian or Mediterranean
grass (Schismus spp.), and fescue (Vulpia spp.)—
have many deleterious impacts. They hinder
woody plant regeneration; suppress the growth
of native shrubs, forbs, and perennial grasses;
shift nutrient cycling regimes; change hydrologic and geomorphic processes; reduce forage quality for small mammals; facilitate insect
pests and diseases; and promote increased
fire frequency (reviewed in Knapp 2010a).
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Invasive annual grasses cannot be eradicated from the island, but localized control
can be accomplished with some effort. A
diversity of species and functional groups
will enhance establishment, persistence, and
resistance to invasion (Levine 2000, Pokorny
et al. 2005, Sheley and Half 2006). In particular, early-season forbs would best match the
phenology of the annual grasses and potentially limit their abundance (Cleland et al.
2013).
Roads
Roads can impact ecosystem function and
biodiversity by increasing runoff, erosion,
and stream sedimentation; altering stream
flow and duration; reducing and altering habitat; increasing wildlife disturbance and mortality; promoting invasion of exotic plants and
animals; increasing pollution; promoting fire
ignition; and forming a barrier to dispersal
for smaller species, such as invertebrates,
amphibians, and reptiles (reviewed in Knapp
2010a). The fragmentation caused by roads
creates extensive stretches of edge habitat that
favor invasive wildlife species, such as rats,
starlings, Argentine ants, and honey bees
(reviewed in Knapp 2010a). Vehicles were the
predominant source of island fox mortalities
during a recovery program for the endangered
species (Carlos de la Rosa, Catalina Island
Conservancy, personal communication).
Two actions that would minimize the
effects of roads on Catalina Island are (1)
removing some roads and (2) posting and
enforcing maximum speed laws. Road removal is used more and more frequently as a
restoration technique (Havlick 2002), but
few published research studies exist on this
technique (Switalski et al. 2004). However, a
number of road reclamation handbooks exist
(e.g., wildlandscpr.org). Road restoration typically involves decompacting, or “ripping,” the
road surface and recontouring hillslopes
(Switalski et al. 2004). Recontouring can
accelerate recovery, while simply abandoning
a road does not recover belowground properties (Lloyd et al. 2013). Soil amendments
may be added to increase nutrient cycling,
and then the area is revegetated (Switalski et
al. 2004). Silt fences, check dams, and other
erosion control structures are used to reduce erosion and landslide risk (Switalski et
al. 2004).
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Water Impoundments
Water impoundments artificially homo genize water flow regimes, decrease valuable
sediment loads downstream, and alter water
tables, water temperatures, and stream channel morphology (reviewed in Knapp 2010a).
The ecological consequences of these effects
can include reduced cover, connectivity, and
diversity of riparian vegetation; facilitation of
exotic species such as bullfrogs, tamarisk
(Tamarix spp.), and predatory fish; and alteration of entire food webs (reviewed in Knapp
2010a). While these impacts have predominantly been determined in larger river systems than those on Catalina Island, even a
portion of these impacts would be cause for
concern. The majority of Catalina Island’s
watercourses have water impoundments (a
total of 27 impoundments exist: 2 are concrete
dams, the remainder are earthen), and some
have several.
Water impoundment removal has become
more common worldwide over the past 2
decades in an attempt to restore river and
stream processes (e.g., Hansen and Hayes
2012, Kil and Bae 2012, Renofalt et al. 2013).
Reestablishing natural hydrologic processes
aids in invasive species control and restoration in desert river and riparian oak ecosystems (Stromberg and Chew 2003, Bossard and
Randall 2007). Due to an initial increase in
sedimentation downstream, macroinvertebrate richness and densities may actually be
reduced following dam removal (Chiu et al.
2013, Renofalt et al. 2013). However, this
undesirable response diminishes with time,
and complete recovery to preimpound states
can be achieved after several decades (Hansen
and Hayes 2012, Chiu et al. 2013). In addition,
the abundance of nonnative invertebrate taxa
may be reduced, which could have positive
food web effects (Cross et al. 2011). Unassisted recovery rates can vary by proximity to
source populations of native taxa. For example, benthic invertebrates may only recover
when the source populations of desired taxa
are found within 5 km of the restoration site
(Sundermann et al. 2011).
Fire
Fire is a natural disturbance in Mediterranean-type ecosystems; however, high fire
frequency can eliminate woody plants and
cause a type conversion to nonnative annual
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grassland (reviewed in Knapp 2010a). Fire size
has been increasing on Catalina Island over
the last century, and the fire season has been
expanded (Catalina Island Conservancy, unpublished data). Given that fires are exceedingly difficult to prevent and control, the only
ways to limit the recurring frequency of fire
on the island are to minimize ignitions to the
extent possible and continue to manage burns
as they occur. Strategies could include limiting human use of high-risk areas and conducting prefire planning (Keeley 2002).
Although a draft fire management plan has
been produced (“Firewise 2000” 2003), it
advocated prescription burning as a means for
preventing large wildfires. This type of mosaic
rotational burning may not be appropriate for
the habitat types and conditions on Catalina
Island (Moritz 2003, Keeley and Zedler 2009).
In addition, slope stability is of concern following a burn (Keeley 2004). Rotational burning may also degrade shrublands by increasing
the fire frequency (Zedler and Seiger 2000,
Keeley 2002). An updated, ecologically sound
fire management plan is necessary, and it
should identify wildland areas that have
recently burned or in which a new burn would
have particularly detrimental effects, as well
as potential defense locations and preferred
burn perimeters. The plan could be used by
island firefighters and the Conservancy to
quickly identify priority areas for wildland fire
control in the event of an ignition. To be
effective, however, the plan must be adopted
by island fire officials and updated regularly.
DISCUSSION
While there are many constraints to ecosystem restoration on Catalina Island (not the
least of which are high human visitation and
public opposition to control of some invasive
animals), this review highlights a number of
opportunities as well, with a potential myriad
of cascading positive effects. Removing and
revegetating selected roads would not only
reduce fragmentation, erosion and stream sedimentation, road kill, pollution, and fire ignition, it may also disadvantage invaders such as
rats, Argentine ants, honey bees, starlings, and
Brown-headed Cowbirds in those areas. Similarly, restoring natural stream flow regimes by
removing dams and revegetating waterways
would not only enhance riparian and oak
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woodlands but would also put invasive bullfrogs and tamarisk at a disadvantage. In both
cases, native wildlife species would be provided the maximum natural resources possible
and given the best chance of successfully competing with or evading predation by invasive
animals, such as cats, that cannot be otherwise managed. This concept has been called
“bottom-up invader management” (D’Antonio
and Chambers 2006) and is an appealing alternative on a degraded island such as Catalina
Island where eradication of some transformative invasive species is unlikely.
Mule deer have a strong negative impact
on the island’s biota; their eradication would
be technically feasible but would require a
change in state law. Bison have similar negative
effects on woody plant species but may also
have the positive effect of controlling exotic
annual grasses and are an important ecotourism
attraction. Perhaps deer removal would reduce
the pressure on woody plant species enough
that the effects of bison would be less critical.
Deer removal would have the additional benefit of recovering plant cover and structural
diversity, which would further decrease the
disturbance and fragmentation that favors
other invaders, both plant and animal.
For most other invaders, including cats,
rats, bullfrogs, starlings, cowbirds, and Argentine ants, successful eradication is unlikely for
both logistical and social reasons. Bottom-up
invader management might be the best way
to disadvantage those species and, equally
important, to support healthy populations of
native wildlife that are better able to withstand their effects. As an example, ground
squirrels may be depredated by feral cats.
However, ground squirrel populations are
more limited by bottom-up factors, such as
burrow site availability and food plant abundance (Van Horne 2007), than by the presence
of predators (Byrom et al. 2000). Increasing
the amount of food and habitat available to the
squirrels may counter some population effects
of predation by feral cats.
In contrast to these other species, European honey bees could feasibly be eradicated,
as has been accomplished on nearby Santa
Cruz Island. Island-specific data regarding
their impacts and ecological interactions, as
well as their distributions, would help to both
justify and prepare for such an undertaking.
Even if impacts have not been determined,
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eradication of potentially harmful introduced
species can be justified under what is called
the “precautionary principle” (IUCN 2000,
Clergeau et al. 2004, Hulme 2006). This same
reasoning could be applied to the eradication
of the wild turkey.
Continued diligence is important to ensure
the long-term success of the Conservancy’s
invasive plant management program, as
aboveground populations are eliminated but
seed banks remain. Maintaining such commitment when the problem is visually reduced is
one of the main challenges to successful plant
eradication (Mack and Lonsdale 2002). Periodic remapping should be undertaken to
accomplish early detection of and rapid response
to new invaders and reemerging species from
seed banks. Aerial surveys are a powerful,
low-impact tool for detecting small populations of new invaders (Mack et al. 2000). Helicopter transport can also be used very effectively to remove remote infestations of transformer plants (Knapp et al. 2011). Further,
expanded invasive plant control combined
with native outplantings would not only benefit native biodiversity but may also disfavor
European honey bees.
The order of any management actions undertaken by the Conservancy should take into
account cascading trophic effects and the need
for access in order to avoid unintended consequences (Zavaleta et al. 2001, Morrison 2011).
As a hypothetical example, if cats and rats were
to be excluded from a limited area, this should
happen first while the vegetation is degraded
and open and trapping is more feasible. Dam removal and mule deer eradication would initiate substantial vegetation recovery and should
logically occur after removal of cats and rats.
Lastly, selected roads should be removed only
when this access is no longer needed.
Considering the high risk of additional
future introductions and the complexity of
eradication and control programs, prevention
should be one of the highest priorities for
future conservation efforts on Catalina. It is
widely agreed that the most desirable scenario is to prevent species introductions
before they occur (e.g., IUCN 2000, Rejmánek
and Pitcairn 2002, Courchamp et al. 2003);
therefore, biosecurity measures are needed
(e.g., Boser et al. 2014b). Even species that
are already present, such as rats, could either
introduce deadly new pathogens or gain the
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genetic variation necessary to become more
successful (Suarez and Tsutsui 2008). Catalina
Island is no stranger to the risks of intro duced pathogens, as the island fox population
declined by 95% after exposure to canine distemper virus (Timm et al. 2009).
Extensive education and outreach efforts are
needed to obtain the community support that
is critical to the success of invasive species
prevention, eradication, and control programs
(IUCN 2000, Morrison et al. 2011). Legal
action may sometimes be required (Myers et
al. 1998). Although conservation efforts on
Catalina Island are constrained by many factors, some of those same constraints are also
key assets. The high level of visitation to Catalina makes it an ideal educational and outreach center for the southern Channel Islands.
The Conservancy’s Nature Center and Botanical Garden provides a venue for outreach
regarding the uniqueness of the islands, the
threats that face them, and the benefits of
restoration. The island’s residents also gain from
the Conservancy’s conservation actions in the
form of ecotourism dollars (Wilson 2000).
In conclusion, although ecosystem restoration of Catalina Island will not be quick,
cheap, or easy, the potential returns in ecological resilience may be substantial. Given
real logistical and social constraints on some
restoration options, the managers of Santa
Catalina Island might best pursue options that
will enhance this resilience from the bottom
up. By restoring natural hydrologic processes
and habitat connectivity, native species would
be favored over invaders that benefit from
fragmentation, altered disturbance regimes,
and reduced biodiversity. Combined with
expanded efforts to educate the public about
these threats and to prevent future nonnative
species introductions, the island could be a
model for management of altered ecosystems.
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PRIORITIZING RESTORATION ACTIONS FOR THE ISLANDS OF MEXICO
M. Latofski-Robles1,4, A. Aguirre-Muñoz1, F. Méndez-Sánchez1,
H. Reyes-Hernández2, and S. Schlüter3
ABSTRACT.—Science-based planning and prioritization can help achieve greater return on investment of limited conservation funds. We conducted a GIS-based multicriteria decision analysis to prioritize efforts to eradicate populations
of invasive alien species that threaten native biota on the islands of Mexico. We evaluated 29 Mexican islands with documented presence of invasive mammals and characterized the following attributes of each island: presence of endemic
taxa, presence of threatened species, presence of important seabird nesting areas, species richness, likelihood of reinvasion, eradication feasibility, and economic cost. We categorized the islands into 4 priority categories for eradication
action. The highest priority islands where eradication efforts are feasible are Socorro, Espíritu Santo, María Cleofas, and
María Magdalena islands, where eradication of 11 invasive mammal populations could advance the restoration of an
additional 35,813 ha, thereby reducing the extinction risk of approximately 80 endemic taxa.
RESUMEN.—La planeación sistemática y priorización es fundamental para lograr mayor eficiencia de inversión de
fondos limitados para la conservación. Se aplicó un análisis multicriterio por medio de Sistemas de Información Geográfica para priorizar esfuerzos de erradicación de poblaciones de especies invasoras que amenazan la biota de las islas
mexicanas. Se evaluaron 29 islas con presencia de mamíferos invasores, para lo cual se caracterizaron los siguientes
atributos de cada isla: presencia de especies endémicas, presencia de especies amenazadas, presencia de sitios importantes de anidación de aves marinas, riqueza de especies, probabilidades de reinvasión, factibilidad de erradicación y el
costo de su ejecución. Se clasificaron las islas en 4 categorías de prioridad de erradicación. Las islas con mayor prioridad
donde la erradicación es factible son Socorro, Espíritu Santo, María Cleofas y María Magdalena, donde erradicando 11
poblaciones especies invasoras se restaurarían 35,813 ha, reduciendo el riesgo de extinción de 80 especies endémicas.

Rigorous science-based planning is important in prioritizing investments of limited conservation resources, especially in the face of
high global extinction rates (Myers et al. 2000,
Balmford et al. 2003). Islands are renowned
hotspots of endemism and extinction (Mulongoy et al. 2006, Kier et al. 2009). Invasive alien
species pose the greatest threat to insular biodiversity (Reaser 2007). Though eradication
programs can be an efficient and effective
means of reducing extinction risk on islands
(Howald et al. 2007), limited funding demands
careful prioritization among islands to ensure
the highest conservation return on investment
(Januchowski-Hartley et al. 2011).
In Mexico, 149 islands compose only 0.2%
of the country’s land surface but host 8% of
all Mexican vertebrate and plant species
(Aguirre-Muñoz et al. 2008). Approximately
300 species are endemic to Mexican islands,
10% of which are considered vulnerable per
the endangered species list of Mexico, the
NOM-059-SEMARNAT-2001 (CONABIO 2007).

Eighteen percent of all currently threatened
birds and mammals are insular species (AguirreMuñoz et al. 2008). Invasive alien species
have been implicated as the cause of extinction for 16 vertebrate species from Mexican
islands (Aguirre-Muñoz et al. 2011a). Islands
also support the livelihood of 0.6% of Mexico’s
population (INEGI 2012), through myriad
economic and social values, including lobster,
abalone, and tuna fisheries in the rich surrounding waters. Many seabirds and pinnipeds
also use the Mexican islands as breeding and
resting sites.
Considerable progress has been made in
recent years to eradicate invasive mammal
species from Mexican islands. As of April
2014, fifty-five invasive mammal populations
of 11 species have been eradicated from 35
Mexican islands. These eradications have
contributed to the restoration of over 50,815
ha and the protection of approximately 134
endemic plant species, 117 endemic vertebrates, and 220 populations of seabirds (Table 1;

1Grupo de Ecología y Conservación de Islas, A.C. Moctezuma 836, Zona Centro, Ensenada, Baja California, México 22800.
2Universidad Autónoma de San Luis Potosí, Álvaro Obregón 64, Centro Histórico, 78000 San Luis Potosí, México.
3Cologne University of Applied Sciences, Betzdorfer Strasse 2, 50769 Köln, Germany.
4E-mail: mariam.latofski@islas.org.mx
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TABLE 1. Mexican islands with successful eradication projects.
Island
Pacific Ocean

Asunción
Clarión
Coronado Norte
Coronado Sur
Guadalupe
Guadalupe
Guadalupe

Area
(ha)
41
1958
37
126
24,171

Guadalupe
Guadalupe
Natividad

736

Natividad
San Benito Este
San Benito Medio
San Benito Oeste

146
45
364

San Jerónimo
San Martín
San Roque
San Roque
Socorro
Todos Santos Norte
Todos Santos Norte
Todos Santos Sur

Gulf of California

Todos Santos Sur
Coronados
Danzante
Estanque
Farallón de San
Ignacio
Isabel
Isabel
Mejia
Montserrat
Partida Sur
Rasa
San Jorge Este
San Jorge Medio
San Jorge Oeste
San Francisquito

Caribbean

TOTALS

San Pedro Mártir
Santa Catalina
Pérez
Muertos
Pájaros
Cayo Norte Mayor
Cayo Norte Menor
35 islands

48
265
35
13,033
34
89

715
412
82
17
80
245
1886
1533
57
9
41
7
374
267
3890
11
15.6
2.3
28.8
14.6
50,815

Aguirre-Muñoz et al. 2011b). Technological
and methodological advances, such as aerial
hunting and aerial baiting, have been used
on the Mexican islands and have improved

Species
removed

Eradication
date

Cat
Sheep, pig
Cat
Cat, goat, donkey
Rabbit, donkey
Horse
Goat

1995
2002
1995–1996
2003
2002
2004
2003–2006

Dog

2007

Goat, sheep
Cat

1997
1998–2000

Dog
Rabbit
Rabbit
Rabbit, goat
Donkey
Cactus mouse
Cat
Cat
Cat
Ship rat
Sheep
Cat, rabbit
Donkey
Cat
Rabbit
Cat
Cat
Cat
Ship rat

2001
1999
1998
1998
2005
2013
1999
1999
1995
1995
2010
1999–2000
2004
1997–1998
1999–2004
1997
1998–1999
2000
1999
2007

Cat

1995–1998

Ship rat
Cat
Cat
Cat
Ship rat, house
mouse
Ship rat
Ship rat
Ship rat
Cat
Goat
Ship rat
Cat
Ship rat
House mouse
House mouse
Ship rat
Ship rat
55 eradications

2009
1999–2001
2000–2001, 2003
2000
1995–1996
2000–2002
2000–2002
2000–2002
2000
1999
2007
2002–2004
2011
2011
2011
2012
2012

Methods
Trap
Hunt
Trap
Trap, hunt
Live removal
Live removal
Live removal, trap,
hunt, telemetry
Live removal, trap,
hunt
Live removal
Trap, hunt, live
removal
Live removal
Trap and hunt
Trap and hunt
Trap and hunt
Live removal
Aerial broadcast
Trap and hunt
Trap and hunt
Trap
Bait stations
Hunt and telemetry
Trap and hunt
Live removal
Trap and hunt
Trap and hunt
Trap
Trap
Trap and hunt
Aerial broadcast
Trap, hunt & bait
stations
Aerial broadcast
Trap and hunt
Trap and hunt
Live removal
Bait stations
Bait stations
Bait stations
Bait stations
Trap and hunt
Hunt
Aerial broadcast
Trap and hunt
Hand broadcast
Hand broadcast
Hand broadcast
Aerial broadcast
Aerial broadcast

efficiency of eradication programs and delivered important conservation benefits (AguirreMuñoz et al. 2009). Despite this progress,
there are still 36 Mexican islands with one or
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Fig. 1. Completed and pending eradications in Mexican islands.

more known infestations of invasive alien
mammal species (Aguirre Muñoz et al. 2011b;
Fig. 1). In this paper, we describe a multicriteria decision analysis to prioritize eradication efforts among those islands. Multicriteria
decision-making techniques are helpful in
conservation planning because they can account for various, sometimes conflicting inputs
and can enhance the transparency of decisions
(Malczewski 1999, Laskar 2003).
METHODS
To prioritize islands for restoration, we first
defined the set of attributes used to rank islands.
These included island size (surface area), distance from mainland, species richness, presence
of endemic taxa, presence of threatened species,
land use, presence of human population, likelihood of reinvasion, feasibility of successful
eradication (e.g., given current technologies),
and estimated economic cost (based on past
eradication expenditures). We populated a database of those attributes for each of the 36
islands with invasive mammal species. Data
were insufficient for 7 islands, so our prioritization analysis was based on 29 islands (Table 2).

Using expert input from conservation practitioners from the Mexican NGO Grupo de
Ecología y Conservación de Islas, we developed decision rules (Table 3) and used the
rank sum method (Malczewski 1999) to assign
weights to attributes. Our schema prioritized
islands with the highest presence of endemic
taxa, followed by presence of important seabird
nesting areas, highest number of species enumerated on the endangered species list, and
highest species richness. We analyzed our
data using the weighted linear combination
procedure (Malczewski 2000) with ArcGIS 10
software (ESRI).
We conducted 3 different multicriteria analyses. We compared (1) outputs based only in
biological considerations (e.g., island biodiversity value, including data from endemism,
species richness, protected species, and important seabird areas); (2) outputs based only
on “strategic” feasibility considerations (e.g.,
economic cost, feasibility of eradication, and
probability of reinvasion); and (3) outputs
based on the combination of both biological
and strategic values. These analyses provided
a comparison of islands where eradication
campaigns could be implemented somewhat
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TABLE 2. Input information for the decision analysis.
Island

Surf (ha)

DM (km)

SR

E

PS

IS

PA

IBA

HP

CS
Gupe
SBO
Ced
Nat
Mag
SM
Gran
Mej
AG
SE
Alc
ER
Sal
Smarc
Car
SD
SJ
ES
Cer
SC
MC
Mmag
Mmad
Soc
Clar
CC
Coz
Muj

122
24,171
364
35,674
728
29,099
21,761
26
244
93,604
4072
47
232
2000
3007
15,100
100
19,400
11,200
16,000
4300
2730
8677
14,787
13,206
1980
611
60,000
8673

13
260
145
100
9.3
7.7
3
75
76
30
54
1.4
1
1
15
7
90
82
25
15
52
132
132
132
690
1000
30
16
6

78
342
82
140
80
41
55
12
40
252
163
110
72
159
190
231
88
311
328
198
168
562
572
575
351
310
185
402
64

11
38
13
13
7
6
6
6
5
15
7
2
0
0
13
10
3
9
11
12
13
25
25
25
53
26
2
26
0

18
13
11
44
6
13
24
4
4
22
12
14
7
12
23
24
3
43
60
15
13
38
38
38
24
19
10
56
8

a,d
a,c
g
a,b,c,d,e,f
i
a,c,d,f
c,d,e,f,h,i
b
a,b
a,b,c
b
a
a,b
a,b
c,e,i
a,b,c,d,e
e
c,e,f
c,e
c,e
a
b,c,e
b,c,e,j
c,e,h,k,l
a,c
k
b,c
a,b
b

N
Y
N
N
Y
N
N
Y
Y
Y
Y
Y
N
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Y
Y
Y
Y
Y
N
Y
N
N
Y
N
N
Y
Y
Y
Y
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
Y
N

8
92
70
1339
302
350
415
0
0
0
0
0
0
0
394
0
0
46
0
0
0
0
0
3980
30
30
50
77,326
12,624

COLUMN HEADS
DM = Distance to mainland
SR = Species richness
E = Endemisms
PS = Protected species
IS = Invasive species
PA =Protected area (Y/N)
IBA = Important bird area (Y/N)
HP = Human population
ISLANDS
CS = Coronado Sur
Gupe =Guadalupe
SBO = San Benito Oeste
Ced = Cedros

Nat = Natividad
Mag = Magdalena
SM = Santa Margarita
Gran = Granito
Mej = Mejía
AG = Ángel de la Guarda
SE = San Esteban
Alc = Alcatraz
ER = El Rancho
Sal = Saliaca
Smarc = San Marcos
Car = Carmen
SD = San Diego
SJ = San José

TABLE 3. Decision rules for prioritization analysis.
Rank
1
2
3
4
5
6
7

ES = Espíritu Santo
Cer = Cerralvo
SC = Santa Catalina
MC = María Cleofas
Mmag = María Magdalena
Mmad = María Madre
Soc = Socorro
Clar = Clarión
Coz = Cozumel
Muj = Mujeres
INVASIVE SPECIES
a = house mouse
b = ship rat
c = cat

TABLE 4. Weights set for the final analysis of biodiversity
and strategy combined.

Decision rule
The island should have endemic species.
The island should be considered an important
area for reproduction and nesting of seabirds
(IBA) and for reproduction of mammals (AZE).
The island should have species listed in some
protection category from the Mexican NOM059 or the IUCN.
The island should be high in species richness.
The risk of reintroduction of the invasive species
should be low.
The feasibility of the eradication should be high.
The cost of the eradication should be low.

d = dog
e = goat
f = donkey
g = cactus mouse
h = horse
i = antelope squirrel
j = white-tailed deer
k = rabbit
l = black rat

Criterion
Endemism
Important nesting area
Protection category
Species richness
Reintroduction
probability
Feasibility of
eradication
Economic cost of
eradication
TOTAL

Straight
rank

Weight

Normalized
weight

1
2
3
4
5

7
6
5
4
3

0.25
0.21
0.18
0.14
0.11

6

2

0.07

7

1

0.04

7

28

1.00
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TABLE 5. Priority matrix for eradication efforts on Mexican islands based on biodiversity scores and strategy. 1 =
higher priority (no shading), 4 = lower priority (darkest
shading).
Island
Socorro
Cozumel
María Cleofas
María Magdalena
Espíritu Santo
María Madre
Guadalupe
Clarión
San José
San Benito Oeste
Carmen
Cedros
Cerralvo
San Marcos
Santa Catalina
San Esteban
Cayo Centro
Saliaca
Coronado
Angel de la Guarda
Santa Margarita
Alcatraz
Natividad
San Diego
Magdalena
El Rancho
Mujeres
Mejía
Granito

Priority

Biodiversity

Strategy

1

1
1
2
2
3
2
2
2
3
3
3
3
4
3
3
4
4
4
4
3
3
4
4
4
4
4
4
4
4

2
4
1
2
1
4
4
2
2
1
2
4
2
1
2
2
1
2
1
4
3
1
2
1
3
2
4
1
1

2

3

4

easily with “hotspot” islands where the biodiversity value may be greater.
RESULTS
We categorized 29 islands into 4 priority
groups, higher (1) to lower (4) (Table 4). The
highest priority set included Socorro, Espíritu
Santo, María Cleofas, María Magdalena, and
Cozumel islands. The combined area of these
islands is 95,813 ha. Thirteen invasive mammal taxa are found on these islands. Removal
of those taxa could benefit 115 endemic taxa,
178 imperiled taxa, and numerous seabird
nesting colonies.
The “biological” and “strategic” analyses
provided very different results (Table 5),
showing that more complex islands with
higher species richness pose complex challenges to the success of eradication programs
and that a few small, simple islands have
the potential for successful, yet simply executed eradication programs. The “strategic”
priority set are San Marcos, Cayo Centro,
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Coronado Sur, San Benito Oeste, Alcatraz, San
Diego, Mejía, and Granito islands. Only 2
islands coincided in all priority categories:
María Cleofas and Espíritu Santo.
DISCUSSION
With this analysis, we provide a recommendation for strategic investment for the
restoration of the Mexican Islands (Table 5;
Fig. 2). We also provide a framework that can
be used to evaluate archipelagos in other
regions that may benefit from conservation
action. The multicriteria analysis framework
we developed provides many advantages,
including that it can be adaptive and dynamic
and can help improve the transparency and
objectivity of decision-making. This sort of
regional prioritization framework can also
facilitate planning and implementation of
eradications in a programmatic and strategic
sequence designed to maximize efficiency
and reduce investment risk (e.g., Saunders
et al. 2011).
Given the importance we placed on endemism and species richness in our weightings, these characteristics prevailed over
economic cost, feasibility of eradication, and
reinvasion probability. As a consequence,
many small islands in our candidate set, for
which eradications may be relatively simple
(e.g., Alcatraz, San Diego), rank lower in
priority than other more diverse and complex islands. Islands in the tropical Pacific
and Caribbean were our highest priority,
largely based on species richness and endemism; however, eradications on some of
these islands may be more difficult due to
the presence of native mammals and large
human settlements (e.g., Cozumel). We also
note that some important seabird nesting
colony islands were disadvantaged in our
analysis if they were not on an island with
high species richness; such was the case of
San Benito Island. In cases where eradication of introduced taxa is not logistically or
politically feasible, other approaches may be
needed, such as invasive species population
control or fencing of nesting areas or other
sensitive resources.
This analysis can contribute to both the
Estrategia Nacional Sobre Especies Invasoras
en México (National Strategy for Invasive
Species in Mexico) and the Estrategia nacional
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Fig. 2. Priorities for eradication efforts on Mexican islands.

para la Conservación y el Desarrollo Sustentable del Territorio Insular Mexicano
(National Strategy for the Conservation and
Sustainable Development of the Mexican Insular Territory) by generating information that
can inform decision-making to prevent, control, and eradicate invasive species. Indeed,
we are hopeful that this database will be
used and improved into the future. A priority
research need is to improve the database
with information regarding native insect and
plant taxa and to expand the utility of the
database for evaluating eradication priorities
of nonmammalian invasive alien species.

UPDATE
In December 2013, the Grupo de Ecología
y Conservación de Islas, A.C., in collaboration with the Mexican government (SEGOB,
SEMAR, SEMARNAT, CONANP, CONABIO),
and with the support of the National Fish and
Wildlife Foundation (NFWF), the Packard
Foundation, and the Marisla Foundation, successfully conducted the eradication of a population of invasive mouse (Peromyscus eremicus) on San Benito Oeste, one of the islands
included in our analysis of priorities.
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RESTORATION OF A COASTAL WETLAND AT PRISONERS HARBOR, SANTA
CRUZ ISLAND, CHANNEL ISLANDS NATIONAL PARK, CALIFORNIA
Paula J. Power1, Joel Wagner2, Mike Martin3, and Marie Denn4
ABSTRACT.—Prisoners Harbor of Santa Cruz Island, California, was historically the site of a 4.86-ha coastal wetland
and riparian system—the largest on the California Channel Islands. The site was occupied by native people for 3000
years until the 1830s. During the late 1800s, ranchers filled about half of the wetland area to build livestock corrals and
other facilities. They also rerouted the main stream channel, Cañada del Puerto, and built a stone wall and earthen berm
along its west bank. This disconnected the stream from its floodplain and inadvertently caused erosion of a Native
American archeological site. The National Park Service developed a wetland and riparian restoration design for Prisoners
Harbor based on topographic and hydrologic analyses and on relationships between vegetation community and depth to
water table estimated from neighboring reference wetlands. In 2011, Channel Islands National Park and The Nature
Conservancy restored 1.25 ha of coastal wetland and reconnected the stream to its floodplain by removing the earthen
berm. This restoration was accomplished by excavating 7645 m3 of fill material and planting the site with over 15,000
native wetland and riparian plants. Postproject vegetation monitoring showed that only one of the 8 planted wetland
species had a significant increase in abundance between 2012 and 2013, likely due to severe drought conditions that
began soon after project implementation. However, hydrologic monitoring in the first year after restoration showed
that the restored marshes met federal criteria for wetland hydrology just before the drought began. These data provide
early but promising evidence that our approach to restoration will convert the filled corral area at Prisoners Harbor to
functional coastal wetland habitat as more-typical (wetter) precipitation levels return. The restoration also helped to protect the archeological site and is expected to provide an enjoyable and educational destination for visitors.
RESUMEN.—Prisoners Harbor de la Isla Santa Cruz, California, era históricamente el sitio de 4.86-ha de humedal
costero y un sistema ripario—el más grande de las Islas del Canal de California. El sitio estuvo ocupado por gente nativa
durante 3000 años hasta 1830. A finales del siglo diecinueve, los rancheros llenaron casi la mitad del área de humedal
para construir corrales de ganado y otras instalaciones. Ellos también desviaron la corriente principal del canal, Cañada
del Puerto, y construyeron un muro de piedra y un terraplén de barro a lo largo de la orilla oeste, lo que desconectó la
corriente de su planicie aluvial e inadvertidamente causó la erosión de un yacimiento arqueológico Nativo Americano.
El Servicio del Parque Nacional desarrolló un diseño de restauración del humedal y del sistema ripario de Prisoners
Harbor, basado en análisis topográficos e hidrológicos y en las relaciones de la profundidad de la comunidad de vegetal
desarrolladas para humedales adyacentes de referencia. En 2011, el Parque Nacional de las Islas del Canal y The Nature
Conservancy restauraron 1.25 ha de humedales costeros y recanalizaron la corriente hasta su planicie aluvial al eliminar
el terraplén de barro. Esto se consiguió al excavar 7645 m3 de material de relleno y al plantar el lugar con más de 15,000
plantas nativas de sistemas riparios y humedales. El proyecto posterior de monitoreo de la vegetación mostró que sólo
una de las ocho especies de humedal plantadas tuvieron un aumento significativo en su abundancia entre 2012 y 2013,
probablemente debido a condiciones severas de sequía que empezaron a darse muy pronto tras la implementación del
proyecto. Sin embargo, el monitoreo hidrológico del primer año, tras la restauración, mostró que los humedales restaurados reunían los criterios hidrológicos federales para los pantanos justo antes de que empezara la sequía. Esto proporcionó pruebas tempranas, pero prometedoras, de que nuestro enfoque de restauración convertirá el área de corrales de
Prisoners Harbor en un hábitat funcional de humedal costero en cuanto regresen los niveles normales de precipitación
(más húmedo). La restauración también contribuyó a proteger el yacimiento arqueológico y se espera que proporcione
un destino agradable y educativo para los visitantes.

Since the 1850s, an estimated 90% of California’s original coastal wetlands have been
altered or filled, reducing habitat for untold
numbers of birds, amphibians, fish, and other
wild life (California Coastal Commission
1987). This habitat reduction has threatened
with extinction numerous wetland-dependent

species: 55% of the animals and 25% of the
plants designated as threatened or endangered by the State of California depend on
wetlands for their survival (Ferren et al.
1995). Remaining coastal wetlands are the
most biologically diverse, productive, and
densely populated habitats on the Pacific coast

1Channel Islands National Park, 1901 Spinnaker Dr., Ventura, CA 93001. E-mail: paula_power@nps.gov
2NPS Water Resources Division, Box 25287, Denver, CO 80225.
3NPS Water Resources Division, 1201 Oakridge Drive, Suite 250, Ft. Collins, CO 80525.
4Point Reyes National Seashore, 1 Bear Valley Road, Point Reyes Station, CA 94956.
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(USDI 1994). For example, during peak annual migration, hundreds of thousands of
birds migrating along the Pacific Flyway—one
of the 4 principal bird migration routes in
North America—utilize coastal wetlands for
refuge and food on their long migratory journeys (California Coastal Commission 1987).
Remaining coastal wetlands in southern California are at risk due to climate change and
associated rise in sea level.
In this paper, we describe the restoration
of the coastal wetland and riparian system at
Prisoners Harbor, Santa Cruz Island, Cali fornia. In 2011, Channel Islands National
Park and The Nature Conservancy, which
co-own and comanage the island, restored
1.25 ha of this coastal wetland and riparian
habitat. Restoration objectives included (1)
reestablishment of natural wetland, stream,
and floodplain hydrologic processes by excavating fill material from buried wetlands and
removing the berm to reconnect the Cañada
del Puerto stream with its floodplain; (2)
restoration of wetland and riparian wildlife
habitat and biological diversity; (3) protection
of archeological resources at the Chumash
Village site and historic structures of the sheepranching era; and (4) improvement of visitors’
natural and cultural resource experience at
Prisoners Harbor.
METHODS
Site Description
Channel Islands National Park preserves
natural and archeological resources on 5
islands off the coast of southern California.
These islands support nearly 100 endemic
plant and animal species (Schoenherr et al.
1999), significant archeological sites associated
with the Chumash people of southern California, and historic buildings and landscapes associated with California’s early sheep-ranching
industry. The largest of the Channel Islands
at 25,000 ha, Santa Cruz Island is rugged and
physiographically diverse. It contains the park’s
largest watershed—a 33.7-km2 basin that
drains the island’s central valley. Runoff flows
from the central valley to the Pacific Ocean
through Cañada del Puerto, a 4-km long canyon with a seasonally dry cobble streambed.
As it approaches the coast, the canyon opens
onto an alluvial fan, forming what historically
was a 4.86-ha system of freshwater wetland,
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stream channel, riparian area, and back barrier—all lagoon features of Prisoners Harbor.
Such systems develop where streams terminate behind coastal beaches or bars that
block discharge to the ocean most of the year,
forming back-barrier lagoons. The lagoons
may become brackish from saltwater intrusion or storm-driven wave overflow from the
ocean. During high-rainfall events, floodwaters
historically would overtop the Cañada del
Puerto stream bank and deliver sediment,
nutrients, and organic matter to wetlands and
riparian areas on the floodplain. When flows
are large enough, the channel erodes through
the cobble beach at the coast and discharges
floodwaters to the ocean. However, this direct connection to the ocean is temporary, and
the cobble beach reforms soon after flood
events.
Prisoners Harbor has a long history of development to meet the needs of island residents
(Fig. 1). Chumash people occupied the island
for at least 7000–10,000 years and the Prisoners Harbor area for more than 3000 years.
During the Prisoners Harbor occupation, a
large midden formed near the mouth of the
Cañada del Puerto stream channel (Glassow
1980, Schoenherr et al. 1999, Arnold 2001).
Early European explorers described the Chumash village there as one of the most highly
populated sites in the region (Arnold 2001).
However, by the 1830s no Chumash lived on
Santa Cruz Island. A decade later, the island
was used briefly by the Mexican government
as a penal colony, hence the name Prisoners
Harbor (Mason 1883). Today Prisoners Harbor
is the location of one of 2 piers servicing the
island, where more than 8000 visitors to the park
disembark each year.
Beginning in the 1860s, residents of European descent settled the island’s interior valley to produce sheep for mainland consumption. During the late 19th or early 20th century, ranchers rerouted the Cañada del Puerto
channel to the east side of the valley floor and
built a stone wall on its west bank as it approached the coast at Prisoners Harbor. The
wall helped maintain the new channel location, prevented at least some flood flows from
spreading out over the floodplain, and directed
more flow volume and erosive force toward
the valuable archeological resources at the
Chumash Village site. Rock and sand were used
to fill 1.25 ha of wetlands at Prisoners Harbor
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Wetland Restoration
Eucalyptus Removal Area
Fill Disposal Site
Berm
Wildlife Viewing
Interpretive Sign
Historic Well
Observation Well
Pre-1960s Scale House Location

Fig. 1. Aerial view of Prisoners Harbor, Santa Cruz Island, California. Photo was taken prior to project implementation.
Inset shows the location of restoration on Santa Cruz Island.

(approximately half of the total predevelopment wetland area) to create dry land suitable
for livestock export operations. In the mid-20th
century, a new generation of ranchers constructed cattle corrals on the filled wetland
and moved the historic scale house from its
original upland site to the former wetland
area. The ranchers also augmented the rock
wall by bulldozing alluvium into a nearly 1-m
high berm along the western bank of the

stream, completely severing the connection between the stream channel and its floodplain.
These actions disrupted or eliminated many
of the natural ecological functions provided
by wetland-riparian systems, including sequestration of carbon in wetland soils; attenuation
of flood flows; filtration of nutrients, sediment,
and organic matter delivered from the watershed; and maintenance of diverse and highquality wildlife habitat.
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Fig. 2. Final design plan including specified elevations for 5 vegetation community types. Data from 15 observation
wells (wells 1–14, 18) and 3 reference wells (wells 15–17) were used to develop the restoration design plan. Reference
transect extended from well 15 through well 16 to well 17. Photo was taken after project implementation. Inset shows
the location of restoration on Santa Cruz Island.

Project Planning and Design
Our approach to wetland and riparian restoration design was to develop a thorough understanding of site topography and hydrology and
to use relationships between vegetation community and depth to water table in nearby,
undisturbed “reference wetlands” as a guide.
We completed a detailed topographic survey
of the area and used spatial analysis software
(Surfer®) to create a digital topographic contour map for the prerestoration land surface.
To evaluate hydrology, we installed 18 shallow
observation wells throughout the project site
in December 2004 (Figs. 1, 2). The wells were
made from 5-cm-diameter, slotted PVC pipes
inserted 1.3–2.6 m into the ground. We logged
soils at each borehole during well installation
to identify depths of fill material, buried wetland surfaces, and other characteristics. Fifteen of the wells were installed in the filled

wetland areas. The other 3 wells (15–17 in
Fig. 2) were installed in an adjacent, undisturbed reference area along a transect that
passed through a saltgrass (Distichlis spicata)
meadow (well 15), a marsh dominated by California bulrush (Schoenoplectus californicus,
well 16), and a wet willow (Salix lasiolepis, well
17) forest. The well network allowed us to
evaluate daily, seasonal, and interannual variation in water table depths, ground water gradients, and specific conductance in both the disturbed and reference areas. Water-level data
collected during 2005–2010 showed that all
wells had nearly identical hydrographs, rising
and falling in the same way in response to seasonal rainfall patterns. The difference was that
the water table in the disturbed area was
buried under approximately 1 m of fill. This
finding confirmed that our design method was
appropriate: we could determine relationships

446

MONOGRAPHS OF THE WESTERN NORTH AMERICAN NATURALIST

[Volume 7

TABLE 1. Abundance (percent frequency) of target herbaceous plant species in 1-m2 quadrats in 2012 and 2013,
including the type and percentage of designed plant community in which each species was planted.

Target species
Baccharis douglasii
Distichlis spicata
Juncus mexicanus
Juncus patens
Juncus xiphioides
Schoenoplectus californicus
Schoenoplectus maritimus
Schoenoplectus pungens

Community
__________________________________
% of designed
Type
community
Wet willow
Saltgrass meadow
Shallow marsh
Wet willow
Wet willow
Deep marsh
Shallow marsh
Shallow marsh

between vegetation community and depth to
water table in the reference area and reproduce those same relationships at the restoration site by excavating to depths that would
support the desired wetland types.
We began the design process by calculating and plotting mean water table elevations
along the reference transect for November
2005–November 2006, a period of near-normal
precipitation at the Santa Cruz Island RAWS
weather station (WRCC 2008). We then determined the depth-to-mean-water-table range
for each reference transect plant community
as an initial restoration guide. We supplemented this information with literature on
plant species’ tolerances for saturated conditions and observations at other Santa Cruz
Island wetlands to refine the depth-to-meanwater-table ranges for 4 target wetland and
riparian plant communities. Saltgrass meadow
was 53 to 34 cm above the mean November
2005–November 2006 water table; wet willow
habitat was 34 cm to 15 cm above the mean
water table, shallow marsh was 15 cm to 0 cm
(exactly at the mean water table), and deep
marsh was 0 cm to 76 cm below the mean
water table. We developed a plan view conceptual design (Fig. 2) that included these 4
habitat types, with the plant palette for each
shown in Table 1. We also incorporated 2 open
water ponds (76–180 cm below the mean water
table) to provide perennial freshwater sources
for wildlife and habitat for waterfowl.
To produce a grading plan that would achieve
these habitat types, we used Surfer® software
to contour mean November 2005–November
2006 water table elevations across the filled
area. Then, based on the relationship between
plant community and depth to water table,
we either added or subtracted increments of

18%
12%
46%
18%
18%
9%
46%
46%

Year
__________________
2012

2013

P value

1.3%
15.2%
15.2%
29.6%
1.3%
8.4%
0.8%
9.7%

4.4%
19.5%
18.8%
20.2%
0%
8.9%
0.2%
7.4%

0.01
0.11
0.18
0.002
0.02
0.80
0.29
0.25

elevation from the water table contours to
reach grades that corresponded to target habitat types across the site. Visitor use at Prisoners Harbor also influenced the final design.
For example, to screen waterfowl that would
use the restored ponds and marshes from
human activity, we lined the visitor access
road adjacent to the wetlands with willows.
Two secluded vistas were incorporated into
the design to provide visitors with opportunities for wildlife viewing and interpretation.
One of our objectives was to restore natural
floodplain processes by reconnecting the lower
Cañada del Puerto stream channel to its immediate floodplain. We quantified potential
success of this objective through standard hydraulic modeling. We used the U.S. Army
Corps of Engineers water surface profile model,
HEC-RAS, to investigate the effects of removing the berm on both the archeological site
and on frequency of overbank flooding (United
States Army Corps of Engineers 2010). We
surveyed a total of 6 channel and floodplain
cross sections, beginning at the cobble beach
and extending about 700 ft. upstream to completely encompass the study reach. After formatting the survey data into HEC-RAS, we
ran a series of design floods through the channel with the levee both in place and removed to
evaluate the discharge required to inundate the
adjacent floodplain and to quantify channel velocities in the vicinity of the archeological site.
Based on these analyses, we prepared final
design specifications, drawings, and cost estimates for earthmoving, erosion control, and
revegetation. To estimate the volume of fill to
be removed during the construction phase, we
used the Surfer® program to calculate the difference in volume between the prerestoration
topographic surface and the final design surface.
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We contracted for plant nursery services based
on the species mix (Table 1) and planting densities specified for each community type. We
contracted for a Native American monitor and
an archeological monitor to look for cultural
material during ground-disturbing activities.
Project Implementation
After consulting with the State Historic
Preservation Office, we worked with partners
to dismantle the corral system and remove
old concrete piles and other debris from the
filled area. Salvageable lumber from the corrals
was used to construct an interpretive corral
adjacent to the historic warehouse (Fig. 1).
The interpretive corral incorporated a scale
house, squeeze shoot, loading shoot, and water
troughs. Invasive eucalyptus trees (Eucalyptus globulus, E. camaldulensis), kikuyugrass
(Pennisetum clandestinum), and fennel (Foeniculum vulgare) were removed or treated prior
to earthmoving activities. Downed eucalyptus
wood was chipped, and chips were also used
as a demarcation layer to separate the native
soil surface at the fill disposal area from the
capping material (Fig. 1).
Between 2008 and 2011, NPS staff collected
plant material (seeds, plugs, stakes) of 8 herbaceous species (Table 1) and willows (S. lasiolepis) for propagation and planting. To preserve the integrity of island genotypes and
to reduce risk of transporting nonnative species
in nursery pots, we collected plant material
from on-island populations as near to the project area as possible and propagated plants
on-island. The number of plants propagated
for each herbaceous species was based on the
areas of the target plant communities, an oncenter spacing of 46 cm, and availability of
propagules. We collected enough willow stakes
to achieve a planting density of one stake per
1 m2 in willow zones.
Approximately 30 kg of seed from native
upland species was collected from island locations between 2004 and 2010. These seeds were
held in a constant-temperature environment
(approximately 22 °C) until the earthmoving
phase was complete and then were broadcast
evenly over the 0.44-ha upland fill disposal area.
Approximately 4.5 kg of Quercus agrifolia acorns
and Marah macrocarpus seeds were planted
directly into the soil in the fill disposal area.
Design specifications called for excavating over 7645 m3 of fill to reestablish coastal
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wetlands and reconnect the Cañada del Puerto
stream channel to its floodplain. Earthmoving
was scheduled for early fall, when the water
table is normally low. Prior to excavation, we
worked with the earthmoving contractor to
install grading stakes per design specifications. A water truck, bulldozer, skip loader,
loader, and excavator were transported to the
island, and the excavation crew began work
on 20 September 2011.
We checked grades throughout each day to
ensure that design elevations were achieved
within +
– 3 cm. Excavated material was transported by loader bucket to the fill disposal site
and smoothed to match natural contours. A
row of eucalyptus logs was placed approximately 9 m from the stream, creating a stable
wall against which fill was placed. The fill was
compacted only by the wheels of the vehicles
passing over it. When fill placement was complete, the site was smoothed and native upland
seed was evenly broadcast across the area.
The fill disposal site, excavated wetland, and
former berm area were then covered with a
biodegradable erosion-control fabric, Curlex
Netfree®, composed of aspen shavings. NPS
project staff, the construction supervisor, the
Native American monitor, and the archeological monitor were present during all earthmoving operations.
Two unanticipated discoveries made during
the earthmoving phase caused us to modify the
design. While removing the 1950s-era berm,
the excavator operator contacted the historic,
dry-laid stone wall, and construction was immediately stopped. Park staff directed exposure of a section of the wall, mapped its location using GPS technology, and photographed
it before reburying it under a veneer of fill.
Although we ultimately lowered the berm by
almost a meter, we left the final elevation
33.5 cm higher than the original design to
preserve the historic wall. This adaptation
would still allow high flows to overtop the
stream bank and spread out over the floodplain
during future high-flow events, though at a
somewhat reduced frequency than originally
anticipated.
We made a second field adaptation after discovering midden material at the planned location of the southern pond. We halted excavation
work and called in the park archeologist to
document the midden material. We then modified the shape of the southern pond to protect
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the midden site and maintain the same pond
surface area as originally designed (Fig. 2).
We scheduled the revegetation phase to
coincide with the arrival of late fall rains.
Project staff collected approximately 1325 willow stakes, ranging from 1.3 cm to 3.8 cm in
diameter, from the riparian corridor near the
project area. Cuttings were tied into 25-stake
bundles and placed in water to soak prior to
planting. The excavator with a “stinger” attachment was used to install the stakes in willow
zones along the access road and on the stream
bank where the berm had been removed. The
stinger operated like scissors, pushing into
the ground to a depth of 1.2 m and then opening at a pivot point. A willow stake was then
dropped into the resulting hole, the stinger removed, and dirt tamped around the stake to
maximize soil contact.
Next, approximately 15,000 plants were
planted in their appropriate depth-to-watertable zones during 29 November–6 December
2011 (Table 1). Seedlings grown in 5-cm and
7.6-cm containers, 3.8-L pots, and flats were
installed on 46-cm centers. The resulting 1.25
ha of restored wetland included about 0.19 ha
of open-water pond habitat, 0.23 ha of wet
willow forest, 0.58 ha of shallow marsh, 0.11 ha
of deep marsh, and about 0.15 ha of saltgrass
meadow. Planting was a cooperative effort
among NPS project staff, Los Angeles Conservation Corps members, and volunteers.
Some adaptive vegetation management was
necessary. We irrigated higher-elevation areas
4 times during the much-drier-than-average
2012 growing season. We also managed aggressive weeds including white sweetclover
(Melilotus albus), lotus (Lotus corniculatus),
Italian ryegrass (Lolium multiflorum), and
kikuyugrass (Pennisetum clandestinum) by hand
pulling, chemical application, and weed flame
technology.
Postproject Monitoring
We developed a vegetation monitoring
design using square nested frequency plots
to sample abundance and cover of target
(planted) species over time. We established a
195-m baseline parallel to the road along the
southwest margin of the restoration site, and
created transects approximately perpendicular
to the baseline, systematically placed every
fifth meter with a random start. The purpose of
the transects was to establish a basic structure
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on which we could randomly but systematically place sampling points that would be well
dispersed throughout the excavated area. During 16–18 October 2012 and 27–29 August
2013, NPS staff and partners recorded the
abundance of target species along the transects using quadrats sizes 0.1 × 0.1 m, 0.25 ×
0.25 m, 0.5 × 0.5 m, and 1 × 1 m. The monitoring design incorporated multiple quadrat
sizes to better track changes in target species
within the sampling area (Elzinga et al. 1998).
We analyzed the data for changes between
2012 and 2013 using the Pearson’s chi-square
test for independence with a = 0.05. Vegetation monitoring will continue through 2016.
To monitor postrestoration hydrology, we
installed continuous water-level recorders
(pressure transducers) in 4 of the original 18
shallow observation wells. The transducers
were programmed to collect hourly data at
wells 6 and 7 in the restored shallow marsh
zone, at well 9 along the west stream bank
(former berm site), and at well 16 within a reference transect marsh (Fig. 2). Wells 6 and 7
will provide data to determine whether the
restored shallow marsh meets federal technical standards for wetland hydrology. Well 9
will be used to determine whether larger
flows overtop the stream bank and spread out
over the floodplain. Well 16 will allow us to
compare hydrologic conditions between the
restored and reference wetlands. Water table
depths at these wells are also measured by
hand through the year to calibrate the transducer data, as well as at 11 other shallow wells
throughout the restoration and reference
areas. NPS hydrologists will use the larger
well data set to create postproject water table
elevation maps. These maps will be evaluated
in conjunction with vegetation monitoring
data to assess the relationships between water
table elevation and vegetation abundance (by
species) at the restored site. Hydrologic monitoring will continue through at least 2016.
Precipitation is recorded hourly at the
Santa Cruz Island Main Ranch RAWS Station
(WRCC 2008), located approximately 3.9 km
from the project site. Long-term monthly data
are available for this location beginning in
January 1904 (Channel Islands National Park
unpublished precipitation data).
We established a series of photo-monitoring
points to document changes in dominant landscape features prior to and following project
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a

b

Fig. 3. Postrestoration water-level response to precipitation during November 2011–October 2012: a, well 6 (shallow
marsh); b, well 9 (floodplain west of stream channel, former location of earthen berm).

implementation. These points include a total
of 27 views, 4 of which are based on photos
taken between 1880 and 1920. For each photo,
UTM coordinates, tripod height, camera tilt
angle, compass direction, date, and time are
recorded. Photos were taken quarterly for the
first year after restoration and will be taken
once per year for 4 years and as needed in
subsequent years.
RESULTS
Hydrology
Precipitation during the 2-year period after
construction was far below average, creating a
“severe drought” condition for the region

according to the U.S. Drought Monitor website
(National Drought Mitigation Center 2013).
During November 2011 to October 2012, precipitation totaled only 30.9 cm compared to
the long-term average of 50.4 cm (61% of average). After a relatively wet November, precipitation for December to March, normally the
wettest 4 months of the year, totaled only 14.2
cm (36% of normal). In the following year
(November 2012–October 2013) drought conditions persisted, with only 22 cm of precipitation (44% of average).
Figure 3 shows how water levels at well 6
(shallow marsh) and well 9 (the former berm
location) responded to precipitation during
the first year after construction. According to
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a

b

Fig. 4. Prisoners Harbor restoration area looking northeast: a, prior to project implementation in January 2010;
b, prior to excavation in September 2011; c, immediately after native plant installation in December 2012; d, 18 months
after project implementation in June 2013.

the federal technical standard for wetland
hydrology, wetland areas must be ponded or
have a water table within 0.3 m of the ground
surface for 14 or more consecutive days during the growing season, at a minimum frequency of 5 years in 10 (United States Army
Corps of Engineers 2005). The dashed lines
on the graphs in Fig. 3 represent 0.3 m below

the ground surface. Well 6 data show that the
shallow marsh met the high–water table duration requirement of the wetland hydrology
standard in the relatively wet month of November 2011—the only time this occurred
during the 2011–2012 wet season. The water
table again rose to within 0.3 m of the marsh
surface following rain events in December,
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c

d

Fig. 4. Continued.

January, and April but not long enough to
meet the 14-day duration requirement. A second shallow marsh monitoring site at well 7
produced the same results. Drought conditions were so severe during the 2012–2013 wet
season that these shallow marsh wells were
dry (no data) much of the time, and neither
location had a water table within 0.3 m of the
surface. The hydrograph for well 9, located at

an upland floodplain site between the stream
channel and the restored wetland area, shows
that the water table fluctuated in a pattern
similar to well 6 in the first year after restoration. Although the water table rose briefly to
within 0.3 m of the ground surface on 2 occasions during this period, the water table is
generally deeper than at well 6 by design, and
this site did not come close to meeting the
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high–water table requirement of the federal
wetland hydrology standard. Well 9 was dry
during most of the 2012–2013 wet season and
produced little useful data.
Results from the HEC-RAS modeling indicated that removal of the berm would allow
more frequent overbank flows to access the
adjacent floodplain, reestablishing natural
stream-floodplain processes that support wetland and riparian areas. More specifically, with
the berm in place, the stream channel was capable of containing a flow of about 73.3 m3 ⋅ s–1
before spilling out at a road crossing upstream
of the berm. With the berm removed, model
results showed that flows ≥15.6 m3 ⋅ s –1
would spill over the left bank where the berm
once stood and access the adjacent floodplain/wetland system. Additionally, removing
the berm would substantially reduce the hydraulic pressure of these flows at the archeological site immediately downstream (Fig. 1).
Average channel velocities during extreme
events would decrease by about 40%, from
about 3 m ⋅ s–1 to <1.8 m ⋅ s–1.
Vegetation
Table 1 shows the results for 1 × 1-m
quadrat vegetation monitoring in 2012 compared to 2013. Of the 8 herbaceous species
planted, abundance (% frequency) of one
species, Baccharis douglasii, increased significantly from 1.3% to 4.4% (chi-square value P
= 0.01). There was no significant change in
D. spicata, Juncus mexicanus, S. californicus,
Schoenoplectus maritimus, and Schoenoplectus
pungens. Juncus patens declined in abundance
significantly, and Juncus xiphioides was not observed during 2013 monitoring (chi-square value
P = 0.02 and P = 0.00, respectively). Photomonitoring also documented vegetation change
on a landscape scale over this period (Fig. 4).
DISCUSSION
A main project objective was to reestablish
natural wetland, stream, and floodplain conditions and processes at Prisoners Harbor. One
way of evaluating project success is to determine whether the restored wetland communities meet federal wetland definitions and standards. Under Corps of Engineers Wetlands
Delineation Manual procedures (Environmental Laboratory 1987), positive indicators of
wetland hydrology, hydrophytic vegetation,
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and hydric soil must be confirmed for a site to
be a wetland. Though it is too soon to make
this determination for the Prisoners Harbor
restoration, especially with regard to vegetation cover and soil characteristics, which take
time to establish, our postproject hydrologic
monitoring provides some early evidence of
success.
In the first year after construction, wells 6
and 7 showed that the shallow marsh (the
largest community type in the restoration) met
the high water table requirement of the federal wetland hydrology standard. In the second year, the shallow marsh did not meet this
requirement due to severe drought conditions
(44% of average precipitation). However, with
the return of historic precipitation levels, we
expect that the restored wet willow zones,
marshes, and ponds will meet the high water
table requirement with sufficient frequency
(at least 5 years in 10) to satisfy the federal
technical standard for wetland hydrology.
Postrestoration drought conditions have not
produced sufficient runoff to determine whether
removing the berm has reconnected the stream
to its floodplain at Prisoners Harbor. However,
HEC-RAS modeling results showed that removal of the earthen berm has opened a
broad path for overbank flows to reach the
floodplain and wetland areas when they do
occur in the future, beginning when stream
flows exceed about 16 m3 ⋅ s–1. The retention
of approximately 33.5 cm of berm material
above the original design grade to protect the
historic stone wall will contain a very narrow
range of overbank flows within the stream
channel. However, most flows that would have
been contained by the former earthen berm
will now be able to spread out over the adjacent floodplain and wetlands. In addition to
more frequent floodplain inundation, removal
of the berm has reduced the potential erosive
forces in the vicinity of the archeological site.
In the prerestoration channel, high-magnitude
flows would be contained by the berm, producing a much higher stream stage and leading to excessive velocities and stream power
values immediately downstream at the archeological site. Removal of the berm has reduced
potential velocities by about 40% and stream
power values by about 75%.
Four vegetated community types were
designed into the project: saltgrass meadow,
wet willow, shallow marsh, and deep marsh.
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Monitoring results showed mixed results for
species and vegetation communities. Wet willow species Baccharis douglasii increased significantly (P = 0.01) in abundance between
2012 and 2013 and continues to expand in the
wet willow zone. Schoenoplectus californicus,
planted in the deep marsh zone, grew into
robust plants approximately 3–4 m in height
on the banks of the open water ponds, where
soil moisture is high in spite of drought conditions. This species’ slight increase in abundance
was not significant. Juncus patens, planted
broadly in the wet willow and shallow marsh
zones, significantly declined in abundance
during the same time period (P = 0.002). This
species persisted primarily at the boundary
between the 2 zones, under the canopy of other
species, and in finer soils. Note that soil texture was highly variable across the site. Soil on
the northwest edge of the excavated area was
coarse sand and gravel, whereas soil on the
southeastern side of the excavated area was a
finer texture. Shallow marsh species Juncus
mexicanus and S. pungens increased slightly in
abundance (P = 0.18) and decreased slightly
(P = 0.25), respectively. Species planted in
the shallow marsh zone depend on water
close to the surface, and establishment and
expansion of these species was likely negatively impacted by extreme drought conditions. Juncus xiphioides and Schoenoplectus
maritimus exhibited evidence of plant rust and
were in poor condition at the time of planting. They did not recover under the exceptionally dry conditions and by 2013 disappeared
entirely.
We expect that species whose abundance
increased or remained the same between 2012
and 2013 will become more robust over time,
but we do not expect them to expand beyond
their depth-to-water-table tolerances. Species
that declined in abundance, such as S. pungens and J. patens, may have different tolerances for saturated conditions, neighbor effects,
or soil type than expected. They may become
established in narrower bands or may disappear entirely as longer-term hydrologic conditions prevail and neighboring plant species
compete for resources over time.
Despite the limited spread of the planted
species during severe drought conditions,
postproject hydrologic data provide early but
promising evidence that we successfully converted much of the site from upland pasture
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to wetlands, according to federal definitions
and standards. Our approach of analyzing prerestoration groundwater and topographic data,
developing relationships between plant community and depth to water table for adjacent
reference wetlands, and grading the filled area
to recreate these relationships for target communities appears to be an effective wetland
restoration method that could be applied successfully to other projects of this kind. With
the eventual return of more typical (wetter)
precipitation levels, we expect the site to continue to develop into quality aquatic habitat,
provide a perennial water source for island
wildlife, serve as an important resource for
migratory birds that use southern California’s
few remaining coastal wetlands, protect cultural resources, and serve as an enjoyable and
educational destination for park visitors.
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A PROGRAM TO ERADICATE TWENTY-FOUR NONNATIVE
INVASIVE PLANT SPECIES FROM SANTA CRUZ ISLAND
Coleen Cory1 and John J. Knapp2,3
ABSTRACT.—Santa Cruz Island, California, has been free of nonnative vertebrates since 2007, but nonnative invasive
plants remain one of the most significant threats to the recovery of the island’s native ecosystems. Just over one-fourth
of the island’s flora is comprised of nonnative, naturalized plant species. In 2007, an island-wide invasive plant survey
indicated that several species were candidates for eradication based on factors such as their distribution, abundance,
invasiveness, and known or projected harmful impacts on the native biota. In 2008, The Nature Conservancy (TNC) and
Native Range, Inc., initiated a program to eliminate 15 invasive plant species from TNC’s portion (76%) of the 246-km2
island. An additional 9 species were targeted in subsequent years. As of 2012, a total of 882 populations of 24 weed
species have been mapped and treated, and 73% of these populations are considered inactive (dead), with no aboveground living biomass. The majority of the remaining active infestations are due to resurgence from the soil seed bank.
Continued monitoring and annual follow-up treatments of invasive plants will be required. Utilization of a small helicopter provides surveyors and herbicide applicators with efficient access to remote infestations and a platform from
which to treat populations and detect individual plants. Most important in achieving project success is consistent treatment from year to year, which prevents reproduction and recovery of infestations. Long-lived soil seed banks for some
species will be a management issue for years to come. Continued commitment to eradicating these weeds and the ability
to detect incipient infestations and respond rapidly to eliminate them will be key determinants of success of this program.
RESUMEN.—La Isla Santa Cruz, California, ha estado libre de vertebrados no-nativos desde el 2007, pero las plantas
no nativas invasoras continúan siendo una de las amenazas más grandes para la recuperación de los ecosistemas nativos
de la isla. Poco más de un cuarto de la flora de la isla comprende especies de plantas no nativas naturalizadas. En 2007,
un monitoreo de plantas invasoras de la isla indicaba que varias especies eran candidatas para su erradicación, basándose en factores como su distribución, abundancia, diseminación e impactos dañinos conocidos o proyectados sobre la
biota nativa. En 2008, The Nature Conservancy (TNC) y Native Range Inc. iniciaron un programa para eliminar 15
especies de plantas invasoras de la porción de TNC (76%) de la isla de 246 km2. En los siguientes años se centraron en
nueve especies adicionales. Para 2012, se han asignado y tratado un total de 882 poblaciones de 24 especies de herbáceas, y el 73% de estas poblaciones se consideran inactivas (muertas), sin biomasa viva por encima de la tierra. La
mayoría de las infestaciones activas restantes son causa de la resurgencia del banco de semillas en el suelo. Se requerirá
un monitoreo continuo y un seguimiento anual de los tratamientos de plantas invasoras. La utilización de un pequeño
helicóptero proporciona a los topógrafos y a los que aplican los herbicidas un acceso eficiente a plagas remotas, como
también una plataforma desde la cual tratar poblaciones e incluso detectar plantas individuales. Aún más importante que
el éxito de este proyecto es el tratamiento continuo de año en año, el cual previene la reproducción y la recuperación de
las plagas. Los bancos de semillas longevas de algunas especies será un tema de gestión para años venideros. El compromiso continuo por erradicar estas hierbas y la habilidad para detectar plagas incipientes y responder rápidamente para
eliminarlas serán los determinantes clave del éxito de este programa.

The impact of invasive plants on wildlands
around the world is enormous (D’Antonio and
Vitousek 1992), and these invasives are a significant factor affecting the preservation of
native biodiversity (D’Antonio and Meyerson
2002). Invasive weeds are plants that evolved
in one region of the globe and then were
introduced to another region, often without
the predators and diseases that keep their
numbers in check, thus providing these weeds
with a competitive advantage over native

plants in their new range (Cal-IPC website
2012). Many attempts to eradicate invasive
plant species have been undertaken around
the world (Rejmánek and Pitcairn 2002, Mack
and Lonsdale 2002, Woldendorp and Bomford
2004, Simberloff 2009). Some efforts have
been successful, but only when the total population size and number of populations was
small. Additionally, many of these successful
eradication projects targeted only one species,
not a suite of weeds. Invasive species are

1The Nature Conservancy, 532 East Main St., Suite 200, Ventura, CA 93001. E-mail: ccory@hawaii.edu
2Native Range, Inc., 1746-F South Victoria Ave, #378, Ventura, CA 93001.
3Present address: 532 East Main Street, Suite 200, Ventura, CA 93001.
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considered the second greatest threat to biodiversity worldwide and are the leading cause
of species extinctions in island ecosystems
(IUCN 2011, SCBD 2013). While invasive
species can be difficult to control or eradicate
at continental scales, islands can provide an
opportunity for managing invasive species in
a contained and limited setting.
Santa Cruz Island (SCI) is the largest (246
km2) of 8 Channel Islands, lying 35 km off
the coast of southern California. The Nature
Conservancy (TNC), a nonprofit conserva tion organization, assumed management of
the western 90% of the island in 1978 and
currently owns and manages 76% of the island
as a nature preserve. The eastern 24% of the
island is owned and managed by the National
Park Service (NPS) as part of the Channel
Islands National Park. The island is undeveloped and has no paved roads or commercial
infrastructure. Two parallel mountain ranges
create a major central valley and steep canyons that descend to the coastline off rugged
peaks over 600 m high. The island, which lies
within a Mediterranean biome, hosts several
vegetation communities, including chaparral,
coastal sage scrub, grasslands, oak woodlands,
pine forests, and coastal strand (Junak et al.
1995, Cohen et al. 2009). The island is the
most biologically diverse of the 8 southern
California Channel Islands and is home to 12
endemic species, including the endemic Island
Scrub-Jay (Aphelocoma insularis), 9 endangered or threatened plants, and the endangered
Santa Cruz Island fox (Urocyon littoralis
santacruzae) (Schoenherr et al. 1999).
When TNC began management of its portion of the island in 1978, the native landscape
had been severely damaged by nearly 150
years of grazing and soil disturbance by nonnative ungulates, many of which were feral.
Vegetation cover was minimal and erosion was
widespread (Brumbaugh et al. 1982, Van Vuren
and Coblentz 1987). Much of TNC and NPS’s
management attention over recent decades
focused on removing those ungulates, the last
of which were removed in 2007 (Morrison
2007). With those threats eliminated, more
organizational attention is now focused on
nonnative, habitat-modifying invasive plants—
more commonly referred to as weeds. Many
nonnative plants have been introduced to SCI
since Europeans first occupied the island in
the mid-1800s. By 1995, 170 nonnative plants
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(26% of the island’s flora) were considered to
be naturalized (Junak et al. 1995), though not
all these nonnative plant species invade natural
areas and disrupt native habitats.
Although limited weed control was conducted by TNC, the NPS, and volunteer organizations from the 1980s through 2006, no
comprehensive weed map or management
plan existed. In 2007, TNC and its contractor
Native Range, Inc. (NRI), conducted an islandwide weed survey of 55 high-priority weeds
that were selected based on expert opinion
and statewide prioritization by the California
Invasive Plant Council (Knapp et al. 2009).
Weed locations were marked with a global
positioning system (GPS) and entered into a
geographic information system (GIS) program
(ESRI ArcMap). The resulting map of weed
distributions, along with input from weed experts and land managers, contributed to a
TNC weed management strategy that initially
targeted 15 weed species for total eradication
from the island (Knapp et al. 2007). Information from the California Invasive Plant Council
(Cal-IPC 2006) about invasiveness and detrimental ecological impacts of these weeds on
native species, communities, and processes
was also incorporated into decisions about
which weeds to eliminate. An additional 9
weed species have been added to the list
since then for a total of 24 species targeted
for eradication (Table 1). A weed species will
be declared “eradicated” when no aboveground
living biomass has been observed for 5 years
after its known soil seed bank viability.
In this paper, we describe weed eradication
work conducted by The Nature Conservancy
on TNC land on Santa Cruz Island from 2007
to 2012. We also discuss the elements that have
led to successful eradication of the majority of
targeted weed populations on SCI and the challenges that lie ahead.
METHODS
In 2008, TNC and NRI began treating
populations of focal weeds on Santa Cruz
Island based on the weed management strategy described in Knapp et al. (2007). At that
time, there were over 360 populations of the
15 targeted weeds. A population can consist
of 1 to over 100 individual plants, with an
average population size of 9 m2. A noncontiguous cluster of weeds separated by more than

All on TNC land
NPS and TNC removing on both properties
All on TNC land
All on TNC land
In landscaping at TNC Main Ranch & NPS
Scorpion Ranch & Smugglers Ranch
All on TNC land
In landscaping at NPS del Norte cabin
All on TNC land
All on TNC land
All on TNC land
NPS removing on NPS land, except in
orchard at Smugglers Ranch
All on TNC land
In landscaping at TNC Main Ranch
& NPS Scorpion Ranch
Large populations on NPS land
NPS removing on NPS land at
Prisoners Harbor
All on TNC land
In landscaping at NPS Scorpion Ranch
& del Norte cabin; male trees in
landscaping at TNC Main Ranch
All on TNC land
NPS & TNC removing
1 tree at TNC Main Ranch

Italian thistle

Red valerian
Pampas grass
Panic veldt grass
Saint Catherine’s lace

Fig tree

French broom
Canary Island ivy
Licorice plant
Catalina mallow
Beeblossom
European olive

Mission cactus
Garden geranium

Harding grass
Italian stone pine

Himalayan blackberry
Peruvian peppertree

White horsenettle
Tamarisk
Mexican fan palm

Carduus pycnocephalus
ssp. pycnocephalus
Centranthus ruber
Cortaderia selloana
Ehrharta erecta
Eriogonum giganteum var.
giganteum + hybrids
Ficus carica

Genista monspessulana
Hedera canariensis
Helichrysum petiolare
Malva assurgentiflora
Oenothera xenogaura
Olea europaea

Opuntia ficus-indica
Pelargonium × hortorum

Phalaris aquatica
Pinus pinea

Rubus armeniacus
Schinus molle

Solanum elaeagnifolium
Tamarix ramosissima
Washingtonia robusta
TOTALS

2009
2008
2008

2008
2008

2012
2008

2008
2009

2008
2011
2008
2009
2011
2008

2009

2012
2008
2012
2008

2008

2008
2008
2008

3
45
1
882

19
243

26
143

4
5

67
15
13
4
2
10

7

5
121
2
36

2

1
86
22

Total
pops.b

1
42
1
570

12
217

0
75

4
2

15
8
0
3
0
9

6

4
84
0
28

0

1
51
7

Inactive
(dead)
pops.

0
0
0
59

3
3

24
1

0
2

4
3
13
0
2
0

1

1
0
0
2

0

0
0
0

2
0
0
155

4
149

0
12

0
1

48
3
0
1
0
0

0

0
33
2
5

2

0
25
3

0
3
0
98

0

2
55

0
0

0
1
0
0
0
1

0

0
4
0
1

0

0
10
12

SANTA CRUZ ISLAND WEED ERADICATION

aNative Range, Inc.
bPops. = populations.

All on TNC land
2 trees on NPS land at del Norte cabin
NPS removing recruits on NPS
land at Prisoners Harbor
All on TNC land

Green wattle
Blackwood acacia
Plume acacia

Acacia decurrens
Acacia melanoxylon
Albizia lophantha

Location

Common name

Scientific name

Year first
treated
by NRIa

Active populations
_________________________________
Mapped
Mapped
2008–2011,
Emergent
2012,
treated
(seed bank)
treated
2008–2012
pops.
2012

TABLE 1. Weed species targeted for eradication on Santa Cruz Island. All species are found on TNC property; 11 are also found on NPS property. The Location column notes
distinct characteristics of some populations. Population numbers represent TNC land only. Status is current as of June 2012.

2014]
457

458

MONOGRAPHS OF THE WESTERN NORTH AMERICAN NATURALIST

[Volume 7

Fig. 1. Helicopter delivering technician to weed infestation in rugged terrain on Santa Cruz Island.

30 m (100 ft.) was designated a separate population (infestation).
Approximately 80% of these populations
were located in remote, rugged, roadless areas
of the island. For that reason, NRI utilized a
small helicopter (Switzer 330 or Switzer 333)
to deliver technicians to those weed infestations, where a variety of methods were used to
kill weeds (Fig. 1). In some cases, weed technicians still needed stout ropes and determination to reach individual plants on sheer cliff
faces (Fig. 2). These challenges prompted us
to conduct an experimental trial to access and
treat pampas grass (Cortaderia selloana) using
herbicide ballistic technology (HBT; Leary
2012, Leary et al. 2012) from a helicopter platform. HBT involves encapsulating herbicide
into paintball shells and using a pneumatic air
gun (i.e., a paintball gun) to “shoot” isolated
weeds. This high-concentration, low-volume
herbicide application method delivers precise
quantities of herbicide to targeted weeds and
reduces off-target damage. When conducted
from a helicopter, this method permits applicators to quickly treat small outlier populations and more safely treat weeds growing on
steep vertical cliffs that might otherwise be
unreachable.
Infestations nearer to established, unpaved
roads were accessed by driving and then hiking

to the weed sites. Most weeds were treated
with herbicide applied as foliar spray or as
part of a drill and fill, basal bark, or cut stump
application. Glyphosate and triclopyr were the
main herbicides used, along with aminopyralid for Italian thistle. As part of an integrated
pest management approach, some smaller
plants were hand removed when feasible.
Most weed populations were treated once
per year. Weed treatments typically occurred
over a 15–26-day period in spring of each year
(2008–2012). An additional one-day visit was
made in late winter to treat Italian thistle
(Carduus pycnocephalus ssp. pycnocephalus).
Occasionally, follow-up visits over the course
of 3–4 days would occur in fall to treat pampas
grass and other newly detected populations.
The weed team consisted of 2–8 weed technicians and a helicopter pilot. In addition to
treating and monitoring weeds, all weed team
members including the pilot were skilled at
identifying weeds from the air and GPS mapping new weed locations on their way to and
from known weed populations.
By the second year (2009), many of the
original weed populations were dead. Encouraged by this early success, we added 4 weed
species to the eradication list, and the number
of targeted weed populations rose to just over
500. In subsequent years, as the number of
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Fig. 2. Technician treating pampas grass on steep cliffs on Santa Cruz Island.

active weed populations decreased and the
efficiency gained by using the helicopter increased, more populations of these weeds, along
with more weed species (2 in 2011 and 3 in
2012), were added to the eradication list and
treated. The number of treated (active) or
monitored (dead) populations increased to
784 in 2011 and finally to 882 in 2012. Despite
more than doubling the number of targeted
weed populations, the annual cost decreased
by approximately 50% over 6 years due to
treatment efficacy and efficient implementation. We estimated that between 12 and 15
weed populations could be treated in a day by
one weed technician. It generally took more
time to relocate dead infestations which had
either washed or withered away and to confirm that populations presumed to have been
eradicated had not emerged from the seed
bank than it did to relocate and treat active
weed populations.
When grouped by habitat (USDA–NRCS
2013), targeted weeds consisted of trees, shrubs,
herbs or forbs, and perennial grasses. Nine
(37%) of the targeted weed species were trees:
green wattle (Acacia decurrens), blackwood
acacia (Acacia melanoxylon), plume acacia

(Albizia lophantha), fig (Ficus carica), olive
(Olea europaea), Italian stone pine (Pinus
pinea), Peruvian peppertree (Schinus molle),
tamarisk (Tamarix ramosissima), and Mexican
fan palm (Washingtonia robusta). Seven (29%)
were shrubs: French broom (Genista monspessulana), St. Catherine’s lace (Eriogonum
giganteum var. giganteum), Canary Island ivy
(Hedera canariensis), licorice plant (Helichrysum petiolare), Catalina mallow (Malva assurgentiflora), mission cactus (Opuntia ficus-indica),
and Himalayan blackberry (Rubus armeniacus). Five (21%) were herbs or forbs: Italian
thistle, red valerian (Centranthus ruber), beeblossom (Oenothera xenogaura), garden geranium (Pelargonium × hortorum), and white
horsenettle (Solanum elaeagnifolium). Three
(13%) were perennial grasses: pampas grass,
panic Veldt grass (Ehrharta erecta), and Harding grass (Phalaris aquatica). Thirteen of the
targeted weeds were known to occur only on
TNC property, whereas 11 were known to
occur on both TNC and NPS properties (Table
1, Fig. 3). Most of these targeted weeds that
occur on NPS property are being treated by
NPS staff, with an aim of achieving islandwide eradication.
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Fig. 3. Location of weed populations targeted for eradication on TNC property on Santa Cruz Island.

In some cases, the targeted weeds were escapees from landscape plantings around historic ranch buildings or areas of human activity
(e.g., Peruvian peppertree, European olive). In
these cases, special management actions have
been implemented both by TNC and NPS to
preserve the historic integrity of the cultural
landscape. For example, in the case of Peruvian peppertrees (planted near the TNC Main
Ranch compound in the central valley of the
island and at Scorpion Ranch on the east end
of the island), only female trees were removed
and the non-seed-producing male trees were
left in place. The sole Mexican fan palm at the
Main Ranch was also left in place, because
viable seeds from it have not been observed.
RESULTS
At the end of 2011, 784 weed populations
comprising 21 weed species had been mapped
and treated in one or more years from 2008 to
2011. The number of years each population
was treated depended on the year it was first
detected and whether any live aboveground
parts were visible each year. By 2012, 570 (73%)
of these populations were inactive, meaning
no aboveground living biomass was present at
that location. The other 214 (27%) populations
were active, meaning portions of the original
plant were still alive or seedlings had emerged
from the seed bank (Fig. 4).

While conducting the 2012 remote-location
weed work, an additional 98 populations of our
24 targeted weed species were mapped and
treated for the first time, bringing the total number of mapped and treated weed populations to
882. Among these additional populations were
33 populations of 3 weed species first added
to our eradication list in 2012 (Table 1). Despite being treated when first discovered in
2012, these 33 new populations must be considered active until they are revisited and reassessed during the 2013 season.
Of 784 populations mapped and treated
between 2008 and 2011, 214 were still active
in 2012. One hundred fifty-five (72%) were
active due to resurgence from the seed bank
around now-dead parent plants (Table 1). However, once a weed population was targeted for
removal and treated, all seed production was
stopped at that location.
Three weed species (mission cactus, green
wattle, and Mexican fan palm) appear to have
been eradicated from native habitats on TNC
property. Live biomass from green wattle and
fan palm has not been observed since 2009,
and none has been observed from mission cactus since 2011. One fan palm remains in the
landscaping at the TNC Main Ranch, another
was eliminated on the west end of the island,
and seedlings have not been observed near or
far from the parent plant at either location
since mapping occurred in 2007.
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Fig. 4. Number of known active (alive) and inactive (dead) targeted weed populations as of June 2012 on TNC property on Santa Cruz Island. A weed population can consist of 1 to over 100 individual plants. A noncontiguous cluster of
weeds separated by more than 30 m (100 ft.) is considered a separate population (infestation). Numbers do not include
the 90 new weed populations found, mapped, and treated for the first time in 2012.

Based on past success and current weed
population distributions and conditions, we
anticipate that all wild populations of another
4 weed species will become inactive by 2014.
St. Catherine’s lace and its hybrids (Catalina
mallow, fig trees, and olive trees) will likely be
counted with mission cactus, green wattle, and
Mexican fan palm as eradicated from the wild
on Santa Cruz Island.
DISCUSSION
Several factors have contributed to the
ongoing success of the TNC weed program
on Santa Cruz Island. Foremost was an islandwide weed map and a weed plan that thoughtfully evaluated and ranked the highest priority
weeds to target for eradication. Rather than base
our actions on weeds that were most visible,

accessible, or personally annoying, we assessed
weed presence, distribution, density, tractability, and ability to disrupt native ecosystems as
part of the process for selecting weeds to eradicate from the island. This is why we did not
choose widespread weed species covering more
than 100 ha.
Using a GIS database (ESRI ArcMap) to map
and track locations and status of weed populations from year to year allows weed workers
to return to precise locations to re-treat weeds
and to monitor infestations that were previously
treated, displayed no aboveground biomass,
and would otherwise be difficult to relocate.
The database also allows us to track efficacy
and timing of treatments. The attention to
detail and continuity in staffing allows individual weed technicians to recognize and remember idiosyncrasies of specific sites for
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more efficient treatment and monitoring. A
small helicopter is essential for detecting and
accessing the many weed populations that are
located away from roads, often in steep, rugged
terrain. Without this tool, we estimate that the
time needed to access and treat or monitor
the over 800 populations would have required
a much larger crew and nearly 10–12 months
instead of 2–4 weeks (Knapp et al. 2011).
Long-term institutional commitment by
SCI land managers to achieve weed eradication allowed consistent monitoring and treatment of weed populations with helicopter
support prior to seed set. As a result, we were
able to stop reproduction of all 24 targeted
weeds on TNC property and eliminate nearly
98% of the original weed populations mapped
between 2008 and 2011. A variety of indi viduals, agencies, and volunteer groups participate in weed control on the island, and it is
essential to coordinate their activities so duplication of effort does not occur and all actions
are tracked. Good communication among field
technicians, staff, and partners through quarterly meetings, phone calls, emails, and shared
databases facilitate the recording of new weed
locations and weed treatment activities. The
agreement between TNC and NPS to treat
most of the shared targeted weeds on both sides
of the jurisdictional property line puts islandwide eradication within our reach.
Several challenges face us at this juncture.
Weed germination and flowering times vary
from year to year depending on temperature
and the timing and amount of rainfall. This
variability complicates advanced planning and
scheduling of weed treatments because staff
and contractors may not always be available at
the optimal time for weeds to be treated.
Invasive plants could still arrive and establish
on the island by blowing in on winds from the
mainland or from adjacent islands, floating in on
ocean currents, or hitchhiking on visitors’ boots
or camping gear. Fortunately, NPS is actively
managing invasive plants on neighboring islands
within the Channel Islands National Park. Biosecurity measures have been enacted by TNC
and NPS and continue to be strengthened for
Santa Cruz Island (Boser et al. 2014). In order
to detect possible new weed infestations, however, it would be wise to conduct periodic
comprehensive island-wide weed surveys, which
can then serve as the basis for revising and updating the weed management strategy.
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We must continue to find and treat weeds
before they reproduce to stop the cycle of
growth and expansion. Detection is becoming
more difficult as native vegetation recovers
from decades of feral ungulate grazing, grows
tall and dense, and obscures small weeds and
seedlings. If we wait for the weeds to get
larger, they may reproduce before they are
seen and treated. Although weeds in flower
are often easier to detect in the landscape, it is
too late in that stage to stop their reproductive
cycle. But the greater challenge to total elimination of a weed population for most of the
targeted species is the presence of a persistent soil seed bank. Some of these weeds, especially those in the pea family (Fabaceae),
have long-lived seeds that can lie dormant
in the soil for many years until favorable conditions trigger their germination (Bossard et al.
2000, Coffey and Kirkman 2006, DiTomaso
and Healy 2007, Kaeser and Kirkman 2012).
Blackwood acacia, French broom, and plume
acacia are fabaceous weeds that we are aiming
to eradicate on SCI. Weed managers must diligently monitor these locations for many years to
ensure no seed has sprouted. In the years
ahead, we will continue to visit every population and treat any seedlings emerging from
the latent seed bank before they have a chance
to produce more seeds. Over time, the seed
banks will dwindle and become exhausted.
Weed eradication is a multiyear undertaking.
The GIS database that tracks weed locations
and treatments and the written weed strategy
were developed to help preserve institutional
memory when staff turnover occurs. Continuity
must also be maintained through adequate
funding and institutional commitment. As the
number of weeds decreases, support and funding can disappear because the weed is not as
visible and is no longer perceived as a threat.
Starting a project of any sort is often exciting
and enticing. Successfully completing a project can be satisfying and laudable. But maintaining commitment and interest during the
long hard work between project start and finish
is difficult. Adequate attention, funding, and
staffing is needed to eventually accomplish
weed eradication.
Knowing that weed eradication programs
are often long campaigns and that there are
limited conservation dollars and competing
priorities, we sought to achieve eradication success as quickly as possible. We evaluated the
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strengths and shortcomings of many weed
management programs and adopted strategies
that worked consistently across programs. Santa
Cruz is an island but so too are many mainland parks and preserves that are surrounded
by development. The strategies utilized on
SCI have been adopted and modified to eradicate invasive plants elsewhere in California
(Knapp and Knapp 2010, Burger et al. 2012)
and have shown similar results.
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NATIVE PLANT RECOVERY IN STUDY PLOTS AFTER FENNEL
(FOENICULUM VULGARE) CONTROL ON SANTA CRUZ ISLAND
Paula J. Power1,3, Thomas Stanley2, Clark Cowan1, and James R. Roberts1
ABSTRACT.—Santa Cruz Island is the largest of the California Channel Islands and supports a diverse and unique
flora which includes 9 federally listed species. Sheep, cattle, and pigs, introduced to the island in the mid-1800s, disturbed the soil, browsed native vegetation, and facilitated the spread of exotic invasive plants. Recent removal of introduced herbivores on the island led to the release of invasive fennel (Foeniculum vulgare), which expanded to become the
dominant vegetation in some areas and has impeded the recovery of some native plant communities. In 2007, Channel
Islands National Park initiated a program to control fennel using triclopyr on the eastern 10% of the island. We established replicate paired plots (seeded and nonseeded) at Scorpion Anchorage and Smugglers Cove, where notably dense
fennel infestations (>10% cover) occurred, to evaluate the effectiveness of native seed augmentation following fennel
removal. Five years after fennel removal, vegetative cover increased as litter and bare ground cover decreased significantly (P < 0.0001) on both plot types. Vegetation cover of both native and other (nonfennel) exotic species increased at
Scorpion Anchorage in both seeded and nonseeded plots. At Smugglers Cove, exotic cover decreased significantly (P =
0.0001) as native cover comprised of Eriogonum arborescens and Leptosyne gigantea increased significantly (P < 0.0001)
in seeded plots only. Nonseeded plots at Smugglers Cove were dominated by exotic annual grasses, primarily Avena
barbata. The data indicate that seeding with appropriate native seed is a critical step in restoration following fennel
control in areas where the native seed bank is depauperate.
RESUMEN.—La Isla Santa Cruz es la más grande de las Islas del Canal de California y mantiene una flora diversa y
única, que incluye nueve especies enlistadas por el gobierno federal. Ovejas, ganado y cerdos que fueron introducidos
en la isla a mitad del siglo diecinueve perturbaron el terreno, modificaron la vegetación nativa y facilitaron la extensión
de plantas invasoras exóticas. La reciente eliminación de los herbívoros introducidos en la isla se dispersó el hinojo invasor (Foeniculum vulgare), que se expandió hasta convertirse en la vegetación dominante en ciertas áreas y ha impedido la
recuperación de algunas comunidades de plantas nativas. En el 2007, el Parque Nacional de las Islas del Canal inició un
programa para controlar el hinojo usando triclopir en el 10% del este de la isla. Establecimos réplicas de terrenos pareados (sembrados vs. no sembrados) en Scorpion Anchorage y Smugglers Cove, donde se encontraban plagas de hinojo
notablemente densas (>10% de cobertura), para evaluar la efectividad del aumento de las semillas nativas tras la eliminación del hinojo. Cinco años después de la eliminación del hinojo, la cubierta vegetal aumentó mientras que los desechos y la cubierta de tierra desnuda se vieron reducidos significativamente en ambos tipos de terrenos (P < 0.0001). La
cubierta de vegetación, tanto de las especies nativas como de otras especies exóticas (no hinojo), aumentó en Scorpion
en ambos terrenos sembrados y sin sembrar. En Smugglers, la cubierta exótica disminuyó significativamente (P =
0.0001) mientras que la cubierta nativa, comprendida por Eriogonum arborescens y Leptosyne gigantea aumentó de
manera importante (P < 0.0001) sólo en terrenos sembrados. Los terrenos no sembrados de Smugglers estaban dominados por hierbas anuales exóticas, principalmente Avena barbata. Los datos indican que sembrar con semillas autóctonas
apropiadas es un paso crítico en la restauración que sigue al control del hinojo en áreas donde los bancos de semillas
nativas están empobrecidos.

Much of coastal California experienced
exotic plant invasions following European
contact which resulted in a conversion of
ecosystems dominated by native perennial
grass and annual and perennial dicot species
to ecosystems dominated by Eurasian annual
grasses and forbs (Mack 1989). Because invasive plant species are known to outcompete
native plants in recovering ecosystems, reduce
biodiversity, and alter ecosystem function

(Wilcove et al. 1998, Bossard et al. 2000,
Pimentel et al. 2000), many studies have examined the mechanisms by which exotic annuals
prevail over native perennial species in California’s grasslands. Levine et al. (2003) suggested that the ability of exotic species to
establish and spread is related to their ability
to competitively suppress resident species. On
the other hand, Corbin and D’Antonio (2004)
found evidence that native perennial grasses

1Channel Islands National Park, 1901 Spinnaker Dr., Ventura, CA 93001.
2United States Geological Survey, Fort Collins Science Center, 2150 Centre Ave. Bldg. C, Fort Collins, CO 80526.
3E-mail: paula_power@nps.gov
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are strongly competitive once established and
that disturbance such as agriculture, grazing,
and severe drought were likely important factors in shifts in community composition in
California. Seabloom et al. (2003) found that
exotic annual grasses were competitively
superior only with repeated disturbance and
that recruitment limitation of native perennials was a factor favoring the dominance of
exotic annual species in Santa Ynez Valley,
California.
Restoration efforts often focus on shifting
community composition from exotic dominance to native dominance by controlling
exotic species while native vegetation recovers
after past disturbance. Often controlling exotic
species is a disturbance itself and favors the
resident exotics. For instance, treating one
invasive species without augmenting the
native plant community is often followed by
reinvasion or establishment of a novel invader
(Kettenring and Adams 2011). Also, a depauperate native seed bank may contribute to the
success of exotics following control actions
(Seabloom et al. 2003). In this study, we examined the benefits of seed augmentation to
native plant recovery after removal of dominant exotic fennel and resistance by natives
to novel invaders.
Santa Cruz Island, the largest island within
Channel Islands National Park, is home to 8
endemic plant species (Schoenherr et al. 1999)
and 16 vegetation communities (Junak et al.
1995). In many areas, the native plant communities of coastal bluff scrub, coastal sage scrub,
and grasslands were disturbed by agriculture,
introduced sheep (Ovis aries), pigs (Sus scrofa),
cattle (Bos primigenius), and a suite of exotic
plant species. Exotic plants now comprise 26%
of the island flora (Junak et al. 1995). Furthermore, decades of overgrazing significantly reduced woody vegetation in coastal scrub and
chaparral communities and, in many areas, artificially maintained grasslands composed, in large
part, of exotic annual grasses (Junak et al. 1995).
Introduced ungulates have since been removed
from Santa Cruz Island, largely benefiting native
vegetation (Cohen et al. 2009). However, an unintended consequence of exotic animal removal
was the rapid expansion of exotic fennel (Foeniculum vulgare; Dash and Gliessman 1994,
Brenton and Klinger 1994, 2002).
Fennel, an erect perennial herb native to
the Mediterranean area, was introduced to
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Santa Cruz Island in the late 1800s (Junak et
al. 1995). Common in coastal bluff scrub,
coastal sage scrub, chaparral, and riparian
plant communities at lower elevations, fennel
is particularly aggressive in abandoned agricultural fields and grazed areas (Beatty 1991).
Fennel forms a leafy green rosette in the
spring and fibrous, persistent reproductive
stalks growing to 2–2.5 m during summer
months, dwarfing grasses, native shrubs, and
forbs in the understory. Fennel is a prolific
seed producer, but it is unknown how long
seeds remain viable in the soil. In response to
fennel invasions on Santa Cruz Island and in
mainland areas, a number of studies examined
fennel control methods, including manual removal, chemical treatment, and prescribed
fire (Bean and Russo 1988, Dash and Gliessman 1994, Klinger and Messer 2001, Brenton
and Klinger 2002, Erskine-Ogden and Rejmanek 2005). The National Park Service in
collaboration with The Nature Conservancy,
which owns 76% of Santa Cruz Island, began a
program in 2007 to control fennel using a 2%
concentration of triclopyr in target areas along
roads and trails island-wide. The work presented here focuses on restoration efforts on
85 ha on the eastern 10% of Santa Cruz Island,
where we took a comprehensive and longterm approach to habitat restoration. Our
approach included controlling fennel, augmenting resident native plants, and establishing long-term monitoring plots to track native
plant recovery, fennel reestablishment from
the seed bank, and establishment of novel
invaders.
SITE DESCRIPTION
Santa Cruz Island is characterized by long,
warm summers and mild, cool winters. Rainfall occurs primarily during winter months,
averaging approximately 48 cm of precipitation per year. A blanket of fog commonly
moves over the island during early summer
months, contributing moisture to the hydrologic cycle (Fischer et al. 2009, Carbone at al.
2013).
Native plant communities, severely degraded by past land management practices,
show signs of recovery across east Santa Cruz
Island. However, fennel and nonnative annual
grasses dominate many coastal bluff scrub,
coastal sage scrub, chaparral, and grassland
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Fig. 1. Study areas in Scorpion Anchorage and Smugglers Cove, Santa Cruz Island, California. Dots indicate
locations of fennel plot pairs. Inset shows location of sites on east Santa Cruz Island.

communities across much of the island (Cohen
et al. 2009).
We chose 2 locations on east Santa Cruz
Island for this study based on the occurrence of sizable, dense fennel stands; the
potential for community recovery of coastal
bluff scrub in both locations; and similarities
in slope, aspect, and distance from the coast
(Fig. 1). Coastal bluff scrub is found on coastal
slopes around the island’s perimeter and on
steep canyon walls and outcrops. Common
native species include Eriogonum arborescens
(endemic), Eriogonum grande var. grande (endemic), Leptosyne gigantea, Eriophyllum staechadifolium, and Rhus integrifolia, although
dominant species vary with slope, exposure,
geologic substrate, and location (Junak et al.
1995).
In both sites, exotics (other than fennel)
included the annual grass Bromus diandrus,
with Avena barbata and Lolium multiflorum
occurring occasionally. Native species observed

beneath the fennel canopy included Pseudognaphalium californicum (annual), Galium
angustifolium (perennial), and Rhus integrifolia
(perennial) at Scorpion Anchorage (Scorpion);
and Amsinckia menziesii var. intermedia
(annual), Deinandra fasciculata (annual), Lupinus succulentus (annual), and Stipa pulchra
(perennial) at Smugglers Cove (Smugglers).
The sites differed with respect to geologic
substrate, soil type, and soil characteristics
(Table 1). Soil found at Scorpion, known as the
Santa Cruz Island rock outcrop–Spinnaker–
Topdeck complex, is derived from Santa Cruz
Island volcanic rock and is somewhat excessively drained with very low available water
capacity (about 2.5 cm). Soil at Smugglers,
known as the Windage–Ballast complex, is
developed from uplifted marine deposits
derived from clayey shale (Monterey Formation) and is well drained with high available
water capacity (about 22.86 cm; USDA–NRCS
2007).
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TABLE 1. Site and soil characteristics found at study sites at Scorpion Anchorage and Smugglers Cove on Santa Cruz
Island, California.
Feature

Scorpion Anchorage

Smugglers Cove

Soil

Rock outcrop–Spinnaker–
Topdeck complex
26.2°
North
Volcanic breccia, andesite, or
basalt and residuum weathered
from volcanic breccia,
andesite, or basalt

Windage–Ballast complex

Slope (n = 20)
Aspect
Parental material

Depth to restrictive feature
Drainage class
Available water capacity

15–45 cm to lithic bedrock;
20–45 cm to paralithic bedrock
Somewhat excessively drained
Very low (about 2.5 cm)

METHODS
Our strategy for recovering native coastal
bluff scrub on east Santa Cruz Island focused
on fennel control and native plant augmentation via seed broadcast. To evaluate this strategy,
we established long-term monitoring plots specifically designed to track native plant recovery, fennel reestablishment from the seed bank,
and establishment of novel invaders. Using
GIS, we generated random point locations in
2 areas dominated by fennel (>10% cover;
Cohen et al. 2009) to establish monitoring plots
(Fig. 1). One area was located at Scorpion
(1.02 ha) and the second area was located at
Smugglers (2.03 ha). A paired-plot design was
selected to control for variability within each
site and to evaluate experimental (seeded) and
control (nonseeded) treatments. There were
20 paired plots, for a total of 40 plots. Each
plot was 1 m2 with a 0.5-m buffer around the
entire plot to reduce edge effect from plot
manipulation and the effect of shading by
nearby vegetation. Each experimental and
control plot (plot pair) was oriented on a north–
south axis with 1-m spacing between the 2
plots. The designation of seeded or nonseeded
plot was determined by a coin toss.
In 2008, all fennel plants at Scorpion and
Smugglers were treated. Reproductive fennel
stalks were first cut and removed to better access the leafy rosettes, then plants were treated
with 2% triclopyr. Paired plots were established and an initial condition assessment in
each plot was conducted. To estimate fennel
ensity in 2008, we recorded the number of
treated fennel plants in each plot. We recorded percent cover of bare ground, litter,

21.7°
North
Uplifted marine deposits derived
from clayey shale and limestone
or calcareous shale
>200 cm
Well drained
High (about 22.5 cm)

native vegetation, and exotic vegetation. Treated,
dead fennel stumps and stalks were included
in the litter category. Fennel seedlings which
emerged from the seed bank in subsequent
years were treated using 1% triclopyr after
monitoring data were collected.
We selected Artemisia californica, Leptosyne
gigantea, Eriogonum arborescens, and E. grande
var. grande for seed broadcast because they
were commonly occurring, recovering coastal
bluff scrub species observed in Scorpion and
Smugglers watersheds and not federally listed
species or species of special concern. Before
seeds were broadcast into the seeded plot,
existing exotic vegetation in experimental and
control plots was clipped as close to the soil
surface as possible and litter was raked away.
This action increased the likelihood that the
target seeds would have good soil contact and
light availability and thus have a higher likelihood of germination and eventual seedling
success (Packard and Mutel 1992). Any resident native vegetation was not clipped or
removed.
All native seed for this work was collected
on Santa Cruz Island during 2007–2008 and
stored in plastic totes in a constant temperature environment (22 °C). The source location
and date collected were recorded for each lot
of seeds. Seed mixes were placed by seed
weight (seed + chaff) into packets 2 weeks
prior to broadcasting. We calculated the number of seeds to be broadcast into each 1-m2
plot to be a minimum of 1076 per species (see
Valentine 1977). We determined the number
of seed per species by weight per 100 seeds.
Because we did not test for pure live seed, we
increased the number of seeds broadcast to
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TABLE 2. Precipitation recorded from a remote automated
weather station located in the central valley on Santa Cruz
Island, California.
Year

Precipitation (cm)

2008
2009
2010
2011
2012
2013

54.58
22.56
71.65
44.15
33.96
10.67

account for this uncertainty. The weight of
seed packets were as follows: E. arborescens
115 g, E. grande var grande 26.5 g, L. gigantea
16.5 g, and A. californica 47.5 g. We broadcast
seeds after the first rains at Smugglers on
16–17 November 2008 and at Scorpion on 10
December 2008 to increase the likelihood of
high soil moisture during the critical period
following seed germination. Both seeded and
nonseeded plots were gently raked by hand
after seed was broadcast.
In spring 2009–2013, we recorded the number of seedlings of the 4 native species broadcast, number of fennel seedlings, and percent
cover of exotic species, native species, litter,
and bare ground. In addition, all exotic and
native species found growing in plots were
identified and their presence was noted. No A.
californica seedlings were observed in any plots
during any years; therefore, this species was
dropped from further analyses and discussion.
Statistical Analyses
Based on the experimental design, we analyzed the percent cover and seedling number
data as a split plot (i.e., paired plots) with
repeated measures over years in a generalized
linear mixed models framework (i.e., Proc
GLIMMIX, SAS Institute, Inc. 2008). We
considered location (Scorpion, Smugglers) to
be a fixed effect, points to be a random effect
nested within location, and treatment (nonseeded, seeded) to be a fixed effect. Years
were treated as categorical variables in the
analysis.
For the analysis of percent cover data, we
first converted percentages to proportions
then used an arcsine transformation to stabilize variances (Ott 1988). This step was necessary because much of the observed proportion
data was near 0 or 1. For the seedling number data, we attempted to model the counts
under the assumption the data were distributed
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as either Poisson or negative binomial. However, the large number of zeros encountered
on some plots caused the analysis to fail
because the optimization routine failed to converge. Consequently, instead of modeling
counts directly, we computed the difference in
the number of seedlings counted on paired
plots (i.e., we subtracted the number of seedlings counted on nonseeded plots from the
number counted on the paired seeded plots)
and analyzed these data using a normal error
distribution. For all analyses, we assumed the
covariance structure on the repeated measures was first-order autoregressive, and we
computed the denominator degrees of freedom
(for F tests) using the Kenward and Roger
(1997) adjustment.
We used F tests for overall tests of fixed
effects with a = 0.05 as the significance level.
In cases where further investigation of the
nature of the effects was desired, we used t
tests on pairwise comparisons of the leastsquares means generated under the analysis
and a = 0.05 as the significance level.
RESULTS
Fennel density prior to treatment in 2008
was 10.4 plants ⋅ m–2 and 7.3 plants ⋅ m–2 at
Scorpion and Smugglers, respectively. After
treating with 2% triclopyr, by early spring
2009 fennel density was reduced to 2.0
plants ⋅ m–2 and 0 plants ⋅ m–2 at Scorpion
and Smugglers, respectively. A single followup treatment the following spring resulted in
100% effectiveness. Fennel seedlings that
emerged from the seed bank in subsequent
years were treated using 1% triclopyr after
monitoring data were collected. By 2013, the
number of fennel seedlings in all plots declined from 23.0 seedlings ⋅ m–2 in 2009
(which, with 22.56 cm precipitation, was a
drought year) to <1 seedling ⋅ m–2 (Table 2).
In spite of very wet years in 2010 and 2011,
followed by an average rainfall year in 2012,
the number of fennel seedlings observed
declined over the study; and there were no
significant main effects or interactions.
Percent Cover Data
Beginning in 2008 and ending in 2013,
cover data were collected at the Scorpion and
Smugglers locations for litter, bare ground,
exotic vegetation, and native vegetation, except
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Fig. 2. Percent cover of litter, bare ground, exotic species, and native species in seeded and nonseeded plots at Scorpion and Smugglers on Santa Cruz Island, California. ScC = Scorpion control plots, ScS = Scorpion seeded plots, SmC
= Smugglers control plots, SmS = Smugglers seeded plots.

in 2010 for litter and bare ground (Fig. 2). In
general, analysis of these data found multiple
main effects and interactions of importance
(Table 3).
For litter cover, there was a significant
year effect only (Table 3). Pairwise com parisons among years found 2008 differed
from all other years, 2009 and 2011 differed from
all other years but did not differ from each
other, and 2012 and 2013 differed from all
other years but did not differ from each other.

For bare ground, there were significant
location, year, and location × year effects
(Table 3). As indicated in Fig. 2, bare ground
cover was greater at Scorpion than at Smugglers, and pairwise comparisons among years
indicate bare ground increased between
2008 and 2009, decreased between 2009 and
2011, then remained stable from 2011
through 2013 (i.e., the means did not differ
significantly). Fig. 2 suggests that different
responses by location between 2008 and 2009
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TABLE 3. F tests of fixed effects for percent cover (litter, bare ground, exotic vegetation, native vegetation), with main
effects for location (loc: Scorpion, Smugglers), treatment (trt: control, seeded), and year (2008–2013) in study plots on
Santa Cruz Island, California.
Effect
Litter
loc
trt
loc * trt
year
loc * year
year * trt
loc * year * trt
Bare
loc
trt
loc * trt
year
loc * year
year * trt
loc * year * trt
Exotic
loc
trt
loc * trt
year
loc * year
year * trt
loc * year * trt
Native
loc
trt
loc * trt
year
loc * year
year * trt
loc * year * trt

Num DF

Den DF

F

1
1
1
4
4
4
4

36.24
36.24
36.24
98.79
98.79
98.79
98.79

0.92
0
0
98.37
1.9
0.97
0.1

0.3437
0.9803
0.9893
<0.0001
0.1160
0.4252
0.9808

1
1
1
4
4
4
4

18.14
29.2
29.2
129.8
129.8
129.8
129.8

5.47
0.03
0
18.83
5.06
0.37
0.78

0.0309
0.8602
0.9474
<0.0001
0.0008
0.8310
0.5434

1
1
1
5
5
5
5

18.8
19.33
19.33
137.5
137.5
137.5
137.5

11.92
2.85
9.91
16.97
8.53
6.97
5.49

0.0027
0.1074
0.0052
<0.0001
<0.0001
<0.0001
0.0001

1
1
1
5
5
5
5

18.98
18.88
18.88
149.1
149.1
149.1
149.1

2.41
3.35
11.06
16.05
5.86
10.37
4.91

0.1371
0.0830
0.0036
<0.0001
<0.0001
<0.0001
0.0003

contributed to the significant location × year
interaction.
All fixed effects for exotic cover, except
treatment, were significant (Table 3). In general, exotic cover was greater at Smugglers
than at Scorpion, though the seeded plots at
Smugglers showed a steep drop from 2011
through 2013 that was not apparent in the
control plots or any of the plots at Scorpion.
This drop is likely responsible for the significant location × treatment, location × year,
and location × year × treatment interactions.
Pairwise comparisons among years indicate
exotic cover in 2008 and 2013 differed from all
other years but not from each other and 2010
differed from all other years except 2011. The
years 2009, 2011, and 2012 did not differ from
each other.
For native cover, location and treatment
were not significant, but all other fixed effects
were (Table 3). Pairwise comparisons among

Pr > F

years indicate native cover in 2008 through
2011 did not differ; but in 2012 and 2013,
native cover was significantly greater than in
every other year, and 2013 was significantly
greater than 2012. Figure 2 suggests that the
differences in exotic cover from 2011 through
2013, where the Smugglers treatment and
controls diverged and where the pattern of
changes at Smugglers did not track the
changes at Scorpion, were responsible for the
significant location × treatment, location × year,
year × treatment, and location × year × treatment interactions.
Seedling Count Data
Seedling count data for the native species
L. gigantea (COGI), E. arborescens (ERAR),
and E. grande var. grande (ERGR) were collected at the Scorpion and Smugglers locations beginning in 2009 and ending in 2013
(Table 4). Seedling count data for F. vulgare
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TABLE 4. Seedling density (seedlings ⋅ m–2) in seeded and nonseeded plots at Scorpion Anchorage and Smugglers
Cove on Santa Cruz Island, California. n = 10; standard errors are in parentheses. FOVU = Foeniculum vulgare, COGI
= Leptosyne gigantea, ERGR = Eriogonum grande var. grande, ERAR = Eriogonum arborescens.
Site
Scorpion

Plot

Species

2008

2009

2010

2011

2012

2013

Seeded

FOVU
COGI
ERGR
ERAR
FOVU
COGI
ERGR
ERAR
FOVU
COGI
ERGR
ERAR
FOVU
COGI
ERGR
ERAR

10.4 (4.3)

33.2 (10.3)
56.4 (27.4)
38.8 (11.0)
102.8 (33.4)
41.6 (20.9)
0
37.2 (24.9)
0
6.0 (1.7)
50.4 (9.2)
10.4 (3.9)
121.6 (29.5)
12.4 (7.4)
0
0
0

7.6 (3.6)
1.6 (0.8)
10.0 (6.6)
5.6 (3.6)
22.8 (14.3)
0
12.4 (7.2)
0
7.6 (2.0)
17.3 (7.3)
0
19.1 (12.5)
16.0 (4.3)
0
0
0

0.4 (0.2)
2.3 (1.8)
1.9 (1.6)
2.4 (1.3)
0.7 (0.3)
0
1.8 (0.9)
0
1.9 (0.6)
4.8 (1.5)
0
3.7 (2.0)
1.6 (1.0)
0
0
0

0.2 (0.1)
1.4 (0.8)
2.4 (1.5)
1.2 (0.8)
0.4 (0.2)
0
2.7 (1.8)
0.1 (0.1)
0.8 (0.4)
4.5 (1.7)
0
3.5 (1.5)
0.2 (0.1)
0
0
0

0 (0)
1.4 (0.9)
1.9 (1.5)
1.8 (1.1)
0.5 (0.4)
0
1.7 (1.0)
0
0.3 (0.2)
3.4 (1.4)
0
2.7 (1.1)
0 (0)
0
0
0

Control

Smugglers

Seeded

Control

2.8 (1.5)

5.4 (2.9)

1.6 (0.9)

TABLE 5. F tests of fixed effects for differences in seedling count data for paired plots (i.e., count on seeded plot minus
count on the paired control plot) for Leptosyne gigantea (COGI), Eriogonum arborescens (ERAR), Eriogonum grande
var. grande (ERGR), and Foeniculum vulgare (FOVU), with main effects for location (loc: Scorpion, Smugglers) and year
(2009–2013). Study plots were located on Santa Cruz Island, California.
Effect
COGI
loc
year
loc * year
ERGR
loc
year
loc * year
ERAR
loc
year
loc * year
FOVU
loc
year
loc * year

Num DF

Den DF

F

Pr > F

1
4
4

12.3
52
52

0.23
11.66
0.44

0.6398
<0.0001
0.7776

1
4
4

12.1
59.7
59.7

0.05
0.32
0.1

0.8215
0.8640
0.9826

1
4
4

12
55.6
55.6

0.33
25.02
0.11

0.5741
<0.0001
0.9771

1
5
5

45
98.2
98.2

0.08
1.94
0.15

0.7773
0.0950
0.9799

(FOVU) were collected at the Scorpion and
Smugglers locations beginning in 2008 and
ending in 2013 (Table 4). Analyses were performed on the difference data, where the differences were formed by subtracting the number of seedlings counted on control plots from
the number of seedlings counted on the paired
seeded plots.
For COGI and ERAR, there was a significant year effect only (Table 5). Pairwise comparisons among years found 2009 differed
from all other years, but 2010 through 2013
did not differ among themselves. For ERGR,

there were no significant main or interactive
effects, though the general pattern observed
mirrored that for COGI and ERAR (Table 5).
DISCUSSION
Fennel was successfully treated on the
eastern 10% of Santa Cruz Island using 2%
triclopyr on rosettes during spring 2008 and
using 1% triclopyr as a follow-up treatment on
fennel seedlings each spring from 2009
through 2013. Removing fennel disturbed the
community and resulted in more light, more
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space, and presumably more available water
and nutrients for resident natives and exotics
to utilize.
Resident natives, new natives from seed
broadcast, and exotics responded positively to
disturbance from fennel removal. Exotic annual
grasses responded quickly the first year after
disturbance. Avena barbata and Lolium multiflorum shifted from occasional to common,
and new invaders included Brachypodium
distachyon, Bromus madritensis ssp. madritensis, and Festuca myuros—all annual grasses.
Natives were strongly competitive with
exotics at both sites (year effects P < 0.0001)
with treatment × location interaction (P =
0.0036). At Smugglers, exotic annual grasses
responded quickly in both seeded and nonseeded plots during the first year following
disturbance (Fig. 2). Native cover at Smugglers, composed almost entirely of E. ar borescens and L. gigantea from seeding treatments, began to exert competitive pressure
on exotic annual grasses at year 2 and 3, with
strong competitive pressure during year 4
and 5. By the second year, established E.
arborscens and L. gigantea were taller than
the surrounding community, began to shade
exotic annual grass seedlings, and by 2013,
dominated plots in which they occurred (Fig.
2). In contrast, nonseeded plots at Smugglers
were dominated by exotic annual grasses (99%
cover; Fig. 2). These results indicate that E.
arborescens and L. gigantea were absent from
the seed bank; yet once established, they were
strong competitors with exotic annual grasses.
Evidently historical disturbances coupled with
deep soils at Smugglers led to conditions that
favored exotic species. Furthermore, repeated
disturbance from grazing and competition
with exotics led to a diminished seed bank
and extreme limitation in native recruitment.
Given the success of seeded E. arborescens
and L. gigantea at Smugglers, dominance by
fennel and exotic annual grasses in this location is partly the result of a depauperate native
seed bank. Successful restoration at Smugglers will require seeding with native seed to
replenish the seed bank and promote native
recruitment.
At Scorpion, a similar pattern of early growth
by exotic annual grasses followed by competitive pressure from native perennials occurred
in seeded and nonseeded plots (P = 0.0830);
however, in contrast to results observed at
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Smugglers, there was no significant difference
between seeded and nonseeded plots at Scorpion. Native cover was composed of seeded
species E. arborescens and L. gigantea (in
seeded plots only) and E. grande var. grande
(in seeded and nonseeded plots) and also of
resident natives and 8 new native species
(Tables 4, 6). These results indicate E. grande
var. grande and other native species were present in the seed bank prior to fennel removal,
and E. arborescens and L. gigantea were
absent from the seed bank. Removing fennel
resulted in conditions favorable for native
species to grow and successfully compete with
exotic grasses. In 2013, exotic cover was greater
than native cover at Scorpion in seeded and
nonseeded plots, but the trend in native cover
between 2010 and 2013 was positive while the
trend in exotic cover was negative. Future
monitoring will reveal the outcome of the
competitive interaction between natives and
exotics at Scorpion.
Seeded E. arborescens and L. gigantea survived at both Smugglers and Scorpion while
E. grande var. grande survived only at Scorpion. At Smugglers, Eriogonum grande var.
grande germination (10.4 seedlings ⋅ m–2 in
2009) was followed by 100% mortality by
2010. Grasses are effective competitors for
water and nutrients and can interrupt succession through competition for water with native
perennials (D’Antonio and Vitousek 2003).
The effective uptake of water and nutrients by
grasses is likely the result of their dense, shallow root system (Philips 1963, Davis and
Mooney 1985). The root systems of most
woody species are deeper and less dense than
those of grasses. Grasses may therefore be
more effective as competitors against seedlings than saplings or adults of woody species
or shrubs. Efficient water use may be the
means by which exotic grasses outcompeted
E. grande var. grande on soils at Smugglers.
Alternatively, E. grande var. grande may be
better adapted to volcanic soils found at Scorpion compared with shale-derived soils found
at Smugglers. Additional studies are required
to understand the mechanism for the mixed
outcome of E. grande var. grande in this study.
It is common for a novel invader to appear
following treatment of one exotic species (Kettenring and Adams 2011). In this study,
invaders were exotic annual grasses which
were not strong competitors with native
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TABLE 6. Species present in study plots at Scorpion and Smugglers on Santa Cruz Island, Channel Islands National
Park, California. Resident species were present in plots in 2008. Undetected species were present in 2008 but not in
2013, and Novel species were not present in 2008 but were observed in 2013. Sm:S = Smugglers, seeded; Sm:UnS =
Smugglers, nonseeded; Sc:S = Scorpion, Seeded; Sc:UnS = Scorpion nonseeded. N = native, E = exotic.
Species
Achillea millefolium (N)
Amsinckia menziesii var. intermedia (N)
Avena barbata (E)
Baccharis pilularis (N)
Brachypodium distachyon (E)

Resident

Undetected
Sm:UnS, Sm:S

Sm:S, Sm:UnS;
Sc:S, Sc:UnS
Sc:S

Sm:UnS
Sm:S, Sm:UnS;
Sc:S, Sc:UnS

Brassica nigra (E)
Bromus carinatus (N)
Bromus hordeaceus (E)
Bromus madritensis ssp. madritensis (E)

Sm:S, UnS

Brachypodium distachyon (E)

Sm:S, Sm:UnS;
ScS, Sc:UnS

Castilleja lanata ssp. hololeuca (N)
Centaurea melitensis
Daucus pusillus (E)
Dichelostemma capitatum (N)
Deinandra fasciculata (N)
Dudley spp. (N)
Elymus triticoides (N)
Eriogonum arborescens (N)
Eriogonum grande var. grande (N)
Eriophyllum confertiflorum (N)
Eriophyllum staechadifolium (N)
Festuca myuros (E)
Festuca perennis (E)
Foeniculum vulgare (E)
Galium angustifolium (N)
Hazardia detonsa (N)
Hordeum brachyantherum (N)
Hordeum marinum ssp. gussoneanum (E)
Hordeum murinum (E)
Lactuca serriola (E)
Leptosyne gigantea (N)
Lupinus succulentus (N)
Medicago polymorpha (E)
Melica imperfecta (N)
Pseudognaphalium californicum (N)
Rhus integrifolia (N)
Sonchus oleraceus (E)
Sanicula arguta (N)
Stipa pulchra (N)

Novel
Sc:S

Sc:S, UnS
Sc:S, UnS

Sm:S, UnS
Sm:S, Sm:UnS;
Sc:S, Sc:UnS
Sc:UnS

Sm:S
Sm:S, Sm:UnS

Sm:UnS
Sc:UnS
Sc:S
Sm:S, UnS
Sc:S
Sc:S, UnS
Sm:S, Sc:S

Sc:S; UnS

Sm:S, UnS
Sm:S, Sc:UnS
Sc:S, UnS

Sc:UnS
Sc:UnS
Sc:S, UnS
Sc:S, UnS
Sm:UnS, Sc:S
Sm:S
Sm:S, Sc:S, UnS

Sm:S
Sc:UnS

Sc:S, Sc:UnS
Sm:UmS
Sm:UnS, Sc:S

Sm:S

Sm:UnS, Sc:UnS

Sc:UnS
Sm:S, Sc:S

Sc:S, Sc:UnS
Sc:UnS
Sm:UnS

perennials. Exotic perennials such as Cardaria
draba and Pennisetum clandestinum may be
stronger competitors and more difficult to
control than exotic annual grasses. Further
studies are needed to investigate the competitive outcome between native island perennials
and exotic perennials.
Large- and small-scale disturbance alters
successional forces and prolongs the period
during which exotics and native species compete for resources (D’Antonio and Vitousek
2003). Due to the absence of burrowing animals

Sc:UnS
Sm:S

Sm:S
Sc:S
Sc:S

Sm:UnS
Sm:UnS
Sm:S, Sc:S, Sc:UnS

Sc:S, UnS

such as pocket gophers and ground squirrels,
Santa Cruz Island does not experience
repeated, small-scale disturbances which favor
exotic annual grasses (Dyer et al. 1996, Hamilton et al. 1999, Peart 1989, Seabloom et al.
2003). Island native perennials may have a level
of protection from disturbance not shared by
their mainland counterparts because of the
absence of repeated, small-scale disturbances
created by burrowing animals.
With the removal of the last exotic ungulate in 2006, island plant communities are
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recovering from repeated landscape-level
disturbance created by decades of overgrazing. However, the island will likely be subjected to another large-scale disturbance—
global climate change. Various models predict
that changing climatic conditions in California will include a warmer and drier climate
and greater frequency of extreme weather
events (Cayan et al. 2008). With impending
climate change, native plant communities
may be especially vulnerable to disturbance
and competition with exotic species. Further
studies are needed to determine if native
species can resist conversion to exotic dominance following repeated landscape-level disturbances such as more frequent and extreme
drought, extreme temperatures, torrential rain,
or reduced fog input. Removing stressors,
reducing other human-caused disturbance,
restoring native species dominance, and establishing a native seed bank are important steps
toward conditions that favor native perennials that are confronted with landscape-level
disturbance.
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EXPERIMENTAL PLANTING OF NATIVE SHRUBS ON
SANTA CRUZ ISLAND FROM SMALL NURSERY STOCK
Matthew L. James1,3, David M. Hubbard1, and Coleen Cory2
ABSTRACT.—The natural vegetation of Santa Cruz Island was severely disturbed by nonnative herbivores for well
over a century. As the livestock and feral ungulates (primarily sheep, cattle, and pigs) were removed from the island over
the last 30 years, many of the native plant communities began to recover naturally. Recovery has been extremely slow in
other areas, especially where nonnative annual grasses and fennel (Foeniculum vulgare) dominate several hundred
hectares that were under intense agricultural use (pastures and farmed lands). We experimentally tested the feasibility of
speeding up the recovery process in a postagricultural area of the island’s Central Valley using active restoration techniques. We assessed how weed control via herbicide application and planting of small nursery stock without irrigation
might contribute to restoring natural plant assemblages in 3 different areas of the Central Valley (valley bottom, upper
south-facing slope, and midsouth-facing slope). In February 2009, we planted the same 21 species of native plants in
experimental plots with and without weed control at each location. In December 2009, we planted 28 species in adjacent plots after 2 seasons of weed control. We assessed natural recruitment in weeded and unweeded plots that were not
planted. At all 3 locations, a single early season herbicide treatment prior to planting had strong positive effects on the
survival, cover, and reproduction of planted natives compared to no herbicide treatment; the effects persisted and grew
stronger in the second and third years. Repeated herbicide treatments over 2 years before planting did not result in any
additional significant positive effects on native survival or growth compared to only one herbicide treatment. We saw
virtually no natural recruitment of native shrubs in unplanted plots. We found that typical coastal sage scrub species
performed best at the upper slope site and poorly at the valley bottom site. Grasses and shrubs tolerant of poorly
drained soil did better in the valley bottom. We found that planting native species from small nursery stock without irrigation is effective for a wide range of grassland and coastal sage scrub species. All of the restoration techniques we used
are cost effective and can be scaled-up to restore large areas of postagricultural lands.
RESUMEN.—La vegetación natural de la Isla Santa Cruz fue gravemente alterada por herbívoros no nativos durante
más de un siglo. Muchas de las comunidades de plantas endémicas empezaron a recuperarse naturalmente durante los
últimos 30 años, cuando el ganado y los ungulados ferales (principalmente ovejas, vacas y cerdos) fueron eliminados de
la isla. La recuperación ha sido extremadamente lenta en otras áreas, especialmente donde hierbas anuales no nativas y
el hinojo (Foeniculum vulgare) dominan varios cientos de hectáreas que estaban bajo uso agrícola intenso (pastos y tierras labradas). Comprobamos experimentalmente la viabilidad de acelerar el proceso de recuperación en un área postagrícola del Valle Central de la isla, usando técnicas de restauración activa. Evaluamos cómo el control de la maleza, a
partir del uso de herbicidas y la siembra de pequeñas plantas de vivero sin irrigación, podrían contribuir a restaurar grupos de plantas naturales en 3 áreas diferentes del Valle Central (en el fondo del valle, ladera superior mirando al sur y
ladera media mirando al sur). En febrero del 2009, plantamos las mismas 21 especies de plantas nativas en terrenos
experimentales con y sin control de hierbas. En diciembre de 2009, plantamos 28 especies en terrenos adyacentes tras
dos temporadas de control de hierbas. Evaluamos el reclutamiento natural de los terrenos con maleza y los que no
tenían hierbas que no fueron plantados. Una sola temporada temprana de tratamiento con herbicida previa a la plantación tuvo fuertes efectos positivos en la supervivencia, cobertura y reproducción de las plantas nativas plantadas, en
comparación con el tratamiento sin herbicida en las tres localidades. Los efectos persistieron y se hicieron más fuertes
en el segundo y tercer año. Reiterados tratamientos con herbicida durante dos años antes de la plantación no tuvieron
ningún efecto positivo adicional significativo en la supervivencia nativa o en el crecimiento, en comparación con el
único tratamiento con herbicida. Vimos que no había ningún desarrollo natural de los arbustos endémicos en los terrenos sin plantar. Encontramos que las especies típicas costeras de breña de salvia obtenían un mejor resultado en la de la
ladera superior y un menor resultado en el fondo del valle. Las hierbas y arbustos que toleraban las tierras pobremente
drenadas tenían mejores resultados en el fondo del valle. Descubrimos que plantar especies nativas de pequeños viveros
sin irrigación es efectivo para un amplio rango de praderas y especies de breña de salvia costera. Todas las técnicas de
restauración que usamos se pueden aplicar para restaurar grandes áreas de tierras post-agrícolas.

1Coastal Restoration Consultants, Inc., Monte Vista Ave., Ventura, CA 93003
2The Nature Conservancy, Santa Cruz Island Project, 532 E. Main St. Suite #200, Ventura, CA 93001.
3E-mail: matt@crcsb.com
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Successful large-scale restoration of native
shrub and grassland communities in postagricultural lands in coastal southern California
requires the restoration of natural ecosystem
processes. Every project area has a different history of disturbance and, therefore, different processes in need of restoration. Because many
restoration projects occur on postagricultural
land in southern California, the majority of
projects require actions in 4 main areas: (1)
allowing disturbed soil to regenerate a natural
soil profile by ending soil disturbance (tilling,
rooting, etc.); (2) controlling or eradicating
invasive nonnative plants that outcompete
native plants and alter natural nutrient and
water cycles; (3) removing overgrazing by
nonnative herbivores such as sheep, cattle, or
goats; and (4) reintroducing native plants
where there are no longer native propagules
present (D’Antonio and Vitousek 1992, Stylinski and Allen 1999, Corbin and D’Antonio
2004, Cox and Allen 2008, Eliason and Allen
2008, Yelenik 2008, Yelenik and Levine 2010).
Addressing each of these issues (and often others) may be crucial to successful restoration. A
variety of restoration approaches have been
used on the California mainland with widely
varying success (Cox and Allen 2008). What
works on one site may fail at another. Adaptive
approaches (collecting experimental, monitoring
data and adjusting techniques) are important
in restoration (Erskine Ogden and Rejmánek
2005). Small- and medium-scale experimental
pilot studies are valuable for fine tuning techniques that can then be applied at larger
scales. The object of this study is to evaluate
techniques that are most likely to lead to successful, cost-effective restoration across large
areas of postagricultural landscape on Santa
Cruz Island (SCI).
The vegetation on California’s Channel
Islands is similar to that of the nearby mainland. Forest, woodland, scrub, grassland,
riparian, and coastal vegetation communities
can all be found on one or more of the Channel Islands (Junak et al. 1995). However, the
islands’ long isolation from the mainland has
resulted in numerous endemic species and
subspecies occurring on the islands, and only
a subset of the mainland flora is present. Until
quite recently, SCI had large populations of
sheep, cattle, and feral pigs that decimated the
native plant communities through overgrazing
and rooting. Over the years, many nonnative
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invasive plants were accidentally or intentionally introduced to the island as well (Junak et
al. 1995). A few areas of the island, including
most of the Central Valley, were used for agriculture, including vineyards in the late 1800s
and early 1900s. There has been significant
natural recovery of native plant populations
since nonnative herbivore removal on SCI and
on nearby San Miguel and Santa Barbara
islands (Corry and McEachern 2009); however, introduced nonnative weeds continue to
dominate the postagricultural areas.
Nonnative annual grasses and fennel
(Foeniculum vulgare) now dominate the Central Valley and other large areas including the
lower Christy and Sauces drainages, parts of
the isthmus, and the east end of the island. In
the 1990s, a fennel control experiment was
conducted in the Central Valley and succeeded in eliminating some dense patches of
fennel ( J. Randall personal communication).
However, nonnative grasses and forbs quickly
moved in and replaced the fennel. There has
been very little colonization of these annual
grasslands by native shrubs despite abundant
intact habitat (and presumably abundant propagules) on the hills to the north (coastal sage
scrub) and the south (chaparral). The ability of
the annual grasses to modify the habitat in
ways that favor their own persistence and
exclude other species (e.g., by generating deep
thatch and altering soil moisture and nutrient
cycling) does not require continued disturbance (D’Antonio and Vitousek 1992). These
postagricultural areas will likely remain dominated by annual grasses for decades or longer
if left alone (Eliason and Allen 2008).
We set out to determine what types of actions
would be needed to effectively restore native
shrub and grassland communities in the Central Valley of SCI. Some form of weed control
is necessary for restoring native communities
in annual grasslands (Cox and Allen 2008).
Without weed control, annual grasses inhibit
germination and establishment of native seedlings by outcompeting them for light (Eliason
and Allen 1997) and water (Davis and Mooney
1985, Eliason and Allen 1997). This is true
both for naturally dispersed propagules and
planted or seeded restoration sites. The amount
of weed control required (one or multiple
rounds of treatment) and the best technique
(herbicide, tilling, mowing) vary by site and
depend on the goals of the restoration project.
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For this experiment, we chose to reintroduce native plants from nursery stock in small
plugs (76 cm3) as opposed to the much larger
1-gallon pots (3000 cm3) commonly used in
restoration. Smaller stock is preferred for
larger projects because the plugs (1) are easier to plant, (2) require significantly less nursery space and fewer supplies, (3) require less
soil disturbance when planting, (4) are less expensive per unit, and (5) are easier to transport to remote areas. We also conducted a
companion experiment testing the efficacy of
direct seeding, but the results are not included here.
We developed our planting palette based
on observations in nearby intact native vegetation. We limited ourselves to perennial native
species occurring in and around the Central
Valley on south-facing slopes and in valleybottom locations, and we included SCI and
northern Channel Islands endemics. We simultaneously repeated the experiment in 3 areas:
high on a south-facing slope, in the valley bottom, and midway up the south-facing slope.
By introducing a wide variety of species at
multiple locations, we expected to develop
recommended planting palettes for the different areas that would each be a subset of the 28
species we used.
The goal of the experiment described here
was to determine an effective strategy for
restoring nearly 200 ha of disturbed habitat
in the Central Valley and similar areas of SCI.
Specifically, we asked (1) whether native
shrubs are reinvading the dense annual grasslands in the Central Valley, (2) whether native
shrubs will reinvade after fennel and annual
grasses are suppressed, (3) how much weed
control is needed to successfully reintroduce
native shrubs and grasses from small nursery
stock, (4) whether different species will grow
better in different areas of the Central Valley,
and (5) whether large-scale restoration of
shrub and grassland habitats is feasible in
the Central Valley. To answer these questions,
we implemented a medium-scale experiment
using a range of weeding and planting treatments at 3 locations in the Central Valley. We
used only planting and weed-control techniques that can be implemented on a large
project. Our findings are applicable to coastal
sage scrub and grassland habitats on other
disturbed areas of the island and on the mainland in California.
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METHODS
Study Site
The study site is on Santa Cruz Island,
located approximately 40 km off the coast of
Santa Barbara, California. At 250 km2, it is the
largest of the 8 islands that make up the Channel Islands. The study site is located in the
Central Valley of SCI at an elevation of approximately 80 m.
SCI has a Mediterranean climate with cool,
wet winters and warm, dry summers. The relatively tall ridges surrounding the Central Valley
limit marine influence on the climate, leading
to much warmer daytime temperatures and
colder nighttime temperatures than areas along
the coastline. With the exception of occasional hail and infrequent snow on the tallest
peak, all precipitation on SCI falls as rain primarily between October and April (averaging
502 mm per water year). The prevailing wind
direction is WNW, with only occasional episodes of sustained winds over 4.5 m ⋅ s –1
(~10 mph). The Central Valley is occasionally
affected by “Santa Ana” wind events, when
very dry and hot easterly winds cause temperatures to spike and humidity to plummet.
Annual rainfall amounts and timing varied
widely during the first 4 years of the study.
The 2008–2009 season (the first year we
planted) was drier than average (208 mm). Significant rain fell the week before planting in
early February (53.8 mm), but very little rain
fell after planting (25 mm in total, with the
largest event dropping 7 mm). Rainfall in
2009–2010 (the second year of planting) was
about average (478 mm). Most of the rain fell
in December, January, and February after
planting. The summer of 2010 was very cool,
with many overcast days and a general lack of
hot, dry Santa Ana events. The 2010–2011
rain season was above average (651 mm), with
storms spaced throughout the growing season.
The 2011–2012 season was drier than average
(320 mm), with soaking early season rains, an
especially harsh midwinter drought, and some
soaking spring rains. The midwinter drought,
which occurred from late January through
mid-March, featured only one rainfall event
over 2 mm (6 mm in mid-February) and had
8 days with high temperatures over 26.7 °C.
The postagricultural areas of the Central
Valley are currently dominated by invasive, nonnative annual grasses and fennel (Foeniculum
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vulgare). There are several other nonnative
plant species and a few native grass and shrub
species that are locally dominant. We chose
3 experimental locations. Each was formerly
plowed, had relatively consistent fennel
density with few native plants, and was dominated by either slender wild oat (Avena barbata) or ripgut brome (Bromus diandrus).
Experimental Design
The same experimental design was used at
3 locations. Happy is located in the valley bottom adjacent to an incised ephemeral drainage.
The topography is generally flat with a slight
(~1%) west-facing aspect. The soil is a clay
loam and includes some microtopography,
probably the remnants of pig rooting. Sneezy
is located on a moderately steep (~10%),
south-facing slope on the north side of the
Central Valley. The soil is a sandy clay loam
with some rocks and pebbles. Clumpy is close
to the valley bottom and has a slight (~1%)
south-facing slope and clay loam soil. It is farther from the stream channel than Happy and
below Sneezy.
We used a randomized complete block
design with 6 treatments and 6 blocks per
location for a total of 36 plots per location and
108 plots total. Each plot was 7 × 7 m, with a
2-m buffer between plots and between blocks.
Each block at Sneezy and Clumpy contained
6 plots in an east–west row on contour with
the slope. Blocks were arranged 2 across and
3 down. At Happy, each block was 2 plots wide
and 3 plots long, with the long axis in the east–
west direction. Blocks were arranged end to
end, east to west. The corners of each plot were
marked with steel rebar and color-coded flags.
The 6 treatments were No Spray/No Plant
(no weed treatment and no outplanting of
native plants; control); No Spray/Plant Yr 1
(weeds not treated with herbicide and native
seedlings outplanted in year 1); Spray Yr 1/No
Plant (all weeds sprayed once, and fennel cut
and then sprayed multiple times, but no native
seedlings outplanted); Spray Yr 1/Plant Yr 1
(all weeds sprayed once, fennel cut and then
sprayed multiple times, and native seedlings
outplanted in year 1); Spray 2 Yrs/No Plant (all
weeds sprayed multiple times the first season
and one time in the second season, and no
native seedlings outplanted); and Spray 2 Yrs/
Plant Year 2 (all fennel cut down and all weeds
sprayed multiple times the first season and
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one time in the second season, and native
seedlings outplanted in year 2). These final
2 treatments are referred to as the “year 2
plots.” Buffers between plots were not sprayed
or otherwise treated.
In the 4 sprayed treatments (total of 72
plots), fennel and all other plants, both native
and nonnative, were sprayed with the herbicide glyphosate (1% Roundup) in January
2009. All plants, including fennel in the year
2 plots, were again sprayed with herbicide (1%
Roundup) in April 2009 to kill a second crop
of annuals, and a third time in November 2009
to kill newly sprouted annuals. Fennel in all 4
sprayed treatments was sprayed with triclopyr
(1% Garlon 4 Ultra) in May 2009 and again in
August 2009 (2% Garlon 4 Ultra). Fennel was
cut down, and the stems were removed from
the plots before the first herbicide treatment
(resprouts were sprayed).
Each No Spray/Plant Yr 1 and Spray Yr 1/
Plant Yr 1 plot was planted with 140 native
plants of 21 species between 10 and 12 February 2009. The mix of plants (Table 1) was
determined by a combination of seed availability, success in propagation, and a desire to
emphasize species we thought would do best.
The number of plants per plot was calculated
based on our desired spacing (~50 cm). This
spacing is denser than most coastal sage scrub
restoration sites that are planted. Our reason
for the extra-dense planting was to balance
expected higher-than-normal mortality due to
some plants being too small at the time of
planting. The planting mix for Clumpy was
slightly modified (Table 1) compared to the
other 2 sites due to the number of plants available when it was planted (last). A total of 5040
plants were installed in year 1.
Each Spray 2 Yrs/Plant Yr 2 plot was planted
with 130 plants of 28 species on 16 and 17
December 2009 (2340 plants). When more
plants were ready in early January 2010, we
added 10 additional plants to each plot to
bring the total up to 140 plants per plot (Table
3) and 2520 total plants in year 2. Additionally, on 7 December 2009, we planted 5 acorns
of Quercus pacifica and 5 acorns of Q. agrifolia
into each Spray 2 Yrs/Plant Yr 2 plot.
All plants were grown from seed collected
on Santa Cruz Island. Seed was collected and
immediately sown or stored in a freezer for
2–5 days to kill any invertebrates collected
with the seed. After sprouting, seedlings were
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TABLE 1. Planting list (same for No Spray/Plant Yr 1 and Spray Yr 1/Plant Yr 1 treatments).
Plant Yr 1 plots
_____________________
Happy/
Sneezyb
Clumpyb

Family

Species

Fabaceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Alliaceae
Poaceae
Convolvulaceae
Ranunculaceae
Poaceae
Poaceae
Onagraceae
Polygonaceae
Polygonaceae
Asteraceae
Asteraceae
Asteraceae
Rosaceae
Asteraceae
Fabaceae
Asteraceae
Cucurbitaceae
Phrymaceae
Asteraceae
Asteraceae
Rhamnaceae
Anacardiaceae
Poaceae

Acmispon dendroideus var. dendroideus
Artemisia californica
Artemisia douglasiana
Baccharis pilularis
Baccharis salicifolia
Bloomeria crocea
Bromus carinatus
Calystegia macrostegia ssp. macrostegia
Clematis ligusticifolia
Elymus condensatus
Elymus glaucus
Epilobium canum
Eriogonum grande var. grande
Eriogonum arborescens
Grindelia camporum var. bracteosum
Hazardia detonsa
Hazardia squarrosa var. grindelioides
Heteromeles arbutifolia
Isocoma menziesii var. vernonioides
Lupinus albifrons var. douglasii
Malacothrix saxatilis var. implicata
Marah macrocarpus
Mimulus aurantiacus var. pubescens
Pseudognaphalium californicum
Pseudognaphalium microcephalum
Rhamnus pirifolia
Rhus integrifolia
Stipa lepida

2
3
10
10
10
1
12
0
1
13
5
6
14
12
9
5
6
0
10
3
3
0
0
0
2
0
0
3

Plant
Yr 2 plotsa
_____________

2
3
8
10
10
1
12
0
1
13
5
6
15
15
9
8
4
0
7
3
3
0
0
0
2
0
0
3

All locationsb
0
13
15
5
11
0
5
4
3
4
8
5
16
8
11
3
0
2
4
5
1
1
2
1
0
3
5
5

aAll Plant Yr 2 plots also had 10 acorns planted (5 each of Quercus pacifica and Q. agrifolia).
bPlants per plot.

transplanted into small plugs (50-plug trays)
and allowed to establish for 4–18 weeks before
planting. Plants ranged from 3 to 15 cm tall
when planted. We used Sunshine #5 soilless
mix (peat moss and fine perlite) in seed flats
and plugs. Three slow-growing species planted
in year 2 (Heteromeles arbutifolia, Rhus integrifolia, and Rhamnus pirifolia) were sown in
fall and winter 2008 and transplanted into
liners (~30-cm deep and 8-cm diameter) in
early 2009. No seed, plant material, or soil were
imported to the island. All nursery supplies
and tools were new and free of soil.
Planting holes were made in moist soil via
a steel breaker bar with a diameter similar to
the plugs. In year one, a small area (~10-cm
diameter) of annual grass thatch and any living
grass was removed around each planting hole,
mainly to allow the planters to see the holes.
In the second year, we minimized disturbance
of existing thatch during planting. We did not
plant within about 30 cm of fennel plants or
existing native grasses but otherwise planted

on a grid with approximately 50 cm between
plants. In plots with dense fennel or native
grass, plants were planted much closer together
on average. Plantings were never irrigated after
planting in either season, and we did no replacement plantings after the initial planting.
Monitoring Design
We estimated the percent cover by species
in all plots in October 2008 before we carried
out any experimental manipulations. We estimated the percent cover to the nearest percent (any species present with <0.5% cover
was given a cover score of 0.1%) by species
for all green or senesced plants found within
each 7 × 7-m plot. We used a similar methodology in February 2013 to assess relative
cover. Instead of identifying plants to species,
we classified them as native shrubs, grasses,
or forbs and nonnative annual grasses, forbs, or
perennials.
We carried out posttreatment monitoring
in each plot on 6–8 May 2009, 6–8 October
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Fig. 1. Vegetation cover in experimental plots prior to manipulations. Error bars represent +
– 2 standard errors.

2009, 12–16 May 2010, 5–8 October 2010, 5–8
November 2011, and 23–27 September 2012.
Four sample quadrats, each 1 × 2.5 m, were
randomly located in the 10 contiguous locations within the central 5 × 5-m core of each
plot. Within each sample quadrat, we estimated the percent cover for every species to
the nearest percent (any species present with
<0.5% cover was given a cover score of 0.1%).
The cover estimates from the 4 quadrats were
averaged for each plot. To determine initial
survival rates of planted plants, we counted
the number of planted plants alive in the
planted plots in the spring and fall following
planting.
For the preproject monitoring, we considered dead or senesced plants as part of the
vegetated cover. For all other monitoring, we
counted only living plants and considered
dead or senesced plants as part of the “unvegetated” cover. All plants were identified to
species except needlegrasses (Stipa pulchra
and S. lepida), which were present in some of
the plots but, in some seasons, were very difficult to tell apart. Therefore, we clumped both
species together into the “Stipa spp.” category.
All taxonomy follows Baldwin et al. (2012).
Statistical Analyses
The individual 7 × 7-m plots were the experimental unit for all analyses. The 6 treatments were the 6 spray/no spray and plant/no
plant combinations. Data were analyzed with
a 2-way ANOVA in Excel to test for differences in total native cover between the 6 treat-

ments and differences in planted native cover
between the 3 treatments that included planting. We found no strong block effects in any
of the analyses. Each of the 3 locations was
analyzed separately. We used a linear regression (in Excel) to explore the relationship between native and nonnative plant cover within
individual plots.
RESULTS
Prior to experimental manipulations in
October 2008, all of the locations were dominated by nonnative plant species (Fig. 1).
Ripgut brome, Bromus diandrus, was the
dominant plant species at 2 of the locations
and was a close second to F. vulgare at the
other (Fig. 1). Fennel cover was highest in
Sneezy (44.4%), lowest in Happy (11.0%), and
intermediate in Clumpy (29.5%). There was
very little unvegetated area at any of the locations (Fig. 1). Total native cover was highest in
Sneezy and very low in Happy and Clumpy
(Fig. 1). There were no native shrubs in any
plot. Only 9 native plant species were encountered and only needlegrass, Stipa spp., had an
average cover >0.5% at any of the sites (7.0%
in Sneezy and 0.8% in Clumpy).
One round of herbicide treatment had a
strong negative effect on nonnative cover for
one year at Sneezy (Fig. 2). Multiple rounds of
herbicide over 2 seasons had a strong negative
effect on nonnative cover for 2 years in Sneezy
(Fig. 2). By 2013, nonnative cover in the year 2
treatments had increased to near preproject
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Fig. 2. Total nonnative cover in Sneezy. Error bars represent +
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TABLE 2. First-year survival of planted natives in spring and fall.
No Spray/Plant Yr 1
____________________
May
October
Sneezy
Clumpy
Happy
Overall

42%
39%
38%
40%

23%
18%
14%
18%

Spray Yr1/Plant Yr 1
_____________________
May
October
63%
44%
52%
53%

levels (Fig. 2). Nonnative cover followed similar patterns at Happy and Clumpy.
Initial survival of planted natives was lowest in the No Spray/Plant Yr 1 treatment at all
locations (Table 2) after 3 months (May) and 8
months (October). Initial survival in the Spray
2 Yrs/Plant Yr 2 treatment was similar to the
Spray Yr 1/Plant Yr 1 treatments in Clumpy
and Sneezy and lower in Happy (Table 2). Initial survival of year 2 plantings in Happy was
lower than at the other 2 locations.
The estimated total native cover (planted
plus nonplanted natives) varied greatly be
tween locations and treatments in fall 2012
(Fig. 3). Nonplanted natives include perennial
species that were in the plots at the beginning
of the study and were not sprayed or survived
spraying and native seedlings that sprouted
during the experiment (from the seed bank or
from seed produced in the plots in the first
year). All 3 planted treatments had higher
total native cover than the 3 nonplanted treatments at all 3 locations (Fig. 3). We found a

59%
43%
39%
46%

Spray 2 Yrs/Plant Yr 2
_____________________
May
October
62%
51%
39%
51%

55%
45%
28%
43%

total of 2 native shrub individuals established
in unplanted plots (both were Eriogonum
arborescens in Spray 2 Yr/No Plant plots at
Sneezy). Differences between treatments were
statistically significant at all 3 locations (2-way
ANOVA df = 5, 25; Sneezy P < 0.001; Clumpy
P < 0.001; Happy P < 0.001).
The average cover of planted natives in all
planted treatments increased at all locations
between fall 2009 and 2012 (Fig. 4). The
largest year-on-year increases were between
2010 and 2011. The No Spray/Plant Yr 1 treatment continues to have the lowest planted
native cover at each location. The Spray Yr 1/
Plant Yr 1 treatment always had the highest
average cover, though the difference was
slight at Sneezy and moderate at Clumpy. Differences between treatments were statistically
significant at all 3 locations in September 2012
(2-way ANOVA df = 2, 10; Sneezy P < 0.001;
Clumpy P = 0.001; Happy P = 0.05).
The average cover by species varied widely
between the 3 locations in the Spray Yr 1/
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Fig. 3. Native vegetation cover in experimental plots in September 2012. Error bars represent +
– 2 standard errors.
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– 2 standard errors.

Plant Yr 1 treatment in fall 2012 (Fig. 5). For
example, Artemisia douglasiana and Baccharis
pilularis are both doing best in Happy,
whereas all other species are doing poorly
compared to the other locations (Fig. 5).
Species characteristic of coastal sage scrub
(Artemisia californica, Eriogonum arborescens,
Hazardia detonsa, Isocoma menziesii, Elymus
condensatus, and Lupinus albifrons) are doing
best in Sneezy (Fig. 5). Sampling in the fall
biases these estimates against species that are
dormant at that time of year, such as Bromus
carinatus, Elymus glaucus, and Stipa lepida.
Cover of other species that are partially senes-

cent, such as Eriogonum grande, Grindelia
camporum, and Epilobium canum, is also under
estimated compared to peaks in the spring or
summer.
We found that as the total native cover in
creased in plots, the total nonnative cover
tended to decrease (Fig. 6). The effect was
strongest in plots that had large shrubs with
dense canopies (Eriogonum arborescens and
Lupinus albifrons) and where native plant
recruitment from seed produced by the outplanted plants led to dense patches of native
grasses (Bromus carinatus and Elymus glaucus) and small shrubs (Eriogonum grande).
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Fig. 5. Vegetation cover of 10 native species in Spray Yr 1/Plant Yr 1 plots in fall 2012. Numbers in parentheses are
total native cover for each location.

DISCUSSION
The first of our study questions concerns
whether native shrubs are reinvading the
Central Valley on their own. We found no evidence that this is occurring. We found no new
native shrubs in any of the control plots over
the 4 years we monitored. We did not test the
mechanism limiting establishment of natives
in the Central Valley, though we suspect that
in the areas where we conducted this experiment, any native seeds in the plots would
either be inhibited from germinating by the
thick annual grass thatch or die after germinating from competition with annual non natives (Yelenik and Levine 2010).
We also asked whether suppressing weeds
would lead to natural recruitment of native
shrubs and grasses. We did find 2 shrubs
(both Eriogonum arborescens) in weeded and
unplanted plots: one each in year 3 and 4 of
the monitoring. This recolonization rate, 2
plants in a total of 1764 m2, is much too slow
for us to expect that suppressing weeds will
be a sufficient strategy for restoration of
native habitats in the Central Valley. Again,
we did not test the mechanism limiting

establishment of natives in the Central Valley
where we suppressed weeds, though our
results suggest that there is little or no seed
bank of native shrubs and that there is very
little seed rain (significant seed sources are
approximately 40 m from Sneezy, >100 m
from Clumpy, and >200 m from Happy).
However, it is possible that native species
germinated and died before they were large
enough for us to detect and that competition
is a more important mechanism. Further,
given that there was significant seed production in adjacent planted plots by the second year, which production led to subsequent establishment of additional native
plants in those planted plots, we might expect
higher rates of seed rain in the adjacent
unplanted plots than in most areas of the
Central Valley.
We are confident that native species will
need to be introduced as part of an active
restoration project in the Central Valley
because native species will not reinvade on
their own (Erskine Ogden and Rejmánek
2005, Yelenik 2008, Yelenik and Levine 2010).
The most common way to reintroduce native
species is from seed or nursery stock. We
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Fig. 6. Linear regression of total native cover versus total nonnative cover in February 2013. All plots in Sneezy,
Clumpy, and Happy with at least 1% native cover are included.

have identified several challenges to direct
seeding in the Central Valley, including the
lack of and prohibition of using commercially
available mainland-sourced seed (and hence
greater difficulty and cost in collecting sufficient seed on-island), the need to remove
thatch (which then releases more weeds from
the seed bank and creates bare soil surfaces
which dry quickly between rains), and the
need for fortuitous wet years with well-timed
rain. However, our results from a companion
experiment suggest that seeding some species
may be feasible (unpublished data). Given the
risks though, we still question the utility of
relying on seeding alone.
Our third question was how much weed
control is needed to successfully reintroduce native shrubs and grasses from small
nursery stock. Planting directly into habitat
dominated by fennel and annual grass without weed control is probably not a viable
approach. We saw very high mortality of
planted plants, and cover estimates are consistently lower in plots without weed control
than in plots where we controlled weeds
before planting.
We saw very good survival, growth, and
reproduction (we observed flowering in over
half of the planted species) from several
species even in a very dry year, after treating

fennel and applying only one round of annual
weed control. We saw a very similar response
from planted natives after 2 seasons of annual
weed control. After 4 growing seasons, we are
convinced that the native cover in weeded
treatments is still increasing, as is seed production. We found evidence that the native
plants were suppressing nonnatives, indicating
that the restoration process will be sustainable in the long term.
We were surprised that nursery stock installed after 2 years of weed suppression did
not perform any better than those installed
after one year of weed suppression. We expected there to be significant benefits to multiple rounds of herbicide treatment over 2
years in terms of reducing nonnative competition and increasing growth of native plants.
Further, with over 25 cm of rain after planting
(versus less than 3 cm the first year), we expected much higher survival and growth. It
may be that the vigorous growth of the remaining weeds in the wetter year suppressed
the growth of planted natives. It is also possible that the extra herbicide treatments had
some detrimental effect on growing conditions,
such as a reduction in beneficial microbes
(Irvine et al. 2013). We conclude that the extra
time and cost for 2 years of weed control is not
worthwhile.
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Fig. 7. Hypothetical long-term trends in native cover with and without weed treatment.

Our results indicate that different areas
within the Central Valley will support different suites of native species. Our study design
used only one site each in the 3 general areas
(high on the slope, midslope, and valley bottom). Because we did not replicate the experiment at multiple locations within each general
area, we cannot be sure that this pattern is
not just an artifact of the particular locations
we chose. Nevertheless, our findings are consistent with observations of vegetation patterns in less disturbed areas elsewhere in the
Central Valley, and they provide a useful starting point for fine-tuning planting palettes in
future projects. Coastal sage scrub species,
especially Artemisia californica, Eriogonum
arborescens, Hazardia spp., Lupinus albifrons,
and Elymus condensatus, should be emphasized on the south-facing slopes. Baccharis
pilularis, Artemisia douglasiana, and perennial
bunchgrasses will probably be good species in
the valley bottom areas. Midslope areas will
be a transition between these 2 vegetation
types where the above species will overlap
and others, such as Eriogonum grande, will
likely do best. We did not test the mechanisms that led to differences in species’ performance at different locations, but we suspect soil texture and moisture patterns (better
drained soils on the slopes) played an important role.
Our study suggests that restoring large
areas of shrubland habitat in the Central Valley of Santa Cruz Island can be done using

limited weed control and planting. Though
we did see survival and growth of native
plants without weed control, we believe that
in the long term, a weeding strategy, along
with planting, will be needed to restore selfsustaining habitats.
There are 2 general ways to predict longterm responses with short-term data. A common approach is to fit monitoring data to
curves and extrapolate into the future. However, attempting to predict such trajectories
is fraught with ecological pitfalls (Zedler and
Callaway 1999, Matthews and Spyreas 2010).
Stochastic processes (e.g., weather, fire) can
dramatically change ecological trajectories
in restoration projects. Successional processes
are probably important on most restoration
sites, though they are usually difficult or
impossible to predict and can be responsible
for sites diverging dramatically from observed
short-term trajectories (Matthews and Spyreas
2010). Once we consider the myriad ways
these nondeterministic and deterministic processes might interact with each other over
several decades, it is clear why our predictive
powers are limited. Nevertheless, there is
almost always a practical need to use available
monitoring data either to predict the longterm “success” of a restoration or mitigation
project or, as in this case, to determine what
restoration approach will yield the best longterm results in future projects. Based on the
data we have collected, we strongly believe
native plants will need to be reintroduced,
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and we hypothesize that an approach of shortterm weed suppression and planting from
small nursery stock will be more effective than
planting alone for restoration of the Central
Valley (Fig. 7).
We wanted to test the feasibility of using
small nursery stock without irrigation to
restore shrublands in annual grasslands given
the unique challenges associated with restoration on Santa Cruz Island. Our results after
4 years suggest that (1) several species introduced from small nursery stock do not need
much rain after planting to establish successfully; (2) planting small nursery stock when
there are no annual weeds alive (i.e., after a
grow-kill cycle) creates a sufficient window for
native plants to establish; (3) planted natives
may begin to outcompete annual grasses after
2 or 3 years; and (4) different areas of the
Central Valley will support different plant
communities.
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IMPORTANCE OF EARLY LIFE STAGE LIMITATIONS
ON RECOVERING POPULATIONS OF LEPTOSYNE
GIGANTEA, SAN MIGUEL ISLAND, CALIFORNIA
Catherin A. Schwemm1
ABSTRACT.—Plant communities dominated by Leptosyne gigantea (tickseed, formerly giant coreopsis) are distributed
widely across the California Islands and provide critical habitat for understory plants and vertebrates, especially in landscapes where trees are absent. Leptosyne gigantea populations were severely impacted by nonnative herbivores and by
grazing and ranching practices during the last century. Although these impacts have been absent from most of the
islands for over 2 decades, extensive spatial heterogeneity exists both within and across the islands in relation to population growth. Many sites support very dense stands of L. gigantea that established postgrazing; whereas others, particularly
on Santa Barbara Island, have experienced relatively minimal increases in L. gigantea abundance and are still dominated by alien annual grasses. To determine the factors that most affect L. gigantea establishment and survival, I conducted seed amendment experiments across populations of variable density and age structure on San Miguel Island.
These experiments tested the relative effects of seed predation, seed density, microhabitat conditions, stand density, and
competition on germination and seedling survival. Postdispersal seed predation by deer mice reduced germination rates
only in the highest density stands. Reduced soil moisture and interspecific competition with alien annual grasses had
the strongest negative effects on both germination and seedling survival. The results suggest extreme spatial variability
in regulating factors for L. gigantea that include rainfall, the abundance of annual grasses, consumer abundance, and
intraspecific density dependence. The presence or absence of these influences on existing site conditions will determine succession following loss of the oldest-aged stands, which will likely occur soon.
RESUMEN.—Las comunidades de plantas dominadas por la Leptosyne gigantea (botón de oro, anteriormente coriopsis gigante) están distribuidas ampliamente por todas las Islas de California y proporcionan un hábitat crítico para plantas y vertebrados del monte bajo, especialmente en paisajes donde no hay árboles. Las poblaciones de L. gigantea se
vieron impactadas de gran manera por los herbívoros no autóctonos y por las prácticas de pastoreo y ganadería durante
el último siglo. Aunque estos impactos no se produjeron en la mayoría de las islas durante más de dos décadas, existe
hetereogeneidad espacial extensiva tanto dentro como a través de las islas en relación al crecimiento de la población;
muchos lugares tienen gradas muy densas de L. gigantea que se establecieron antes del pastoreo, mientras que otros,
particularmente en la Isla Santa Bárbara, han experimentado aumentos relativamente mínimos en la abundancia de
L. gigantea y aún los dominan hierbas anuales no autóctonas. Para determinar los factores que más afectan al establecimiento y la supervivencia de la L. gigantea, conduje experimentos de acondicionamiento de semillas entre poblaciones
de densidad variable y estructura de edad en la Isla San Miguel para comprobar los efectos relativos de la
depredación de semillas, la densidad de semillas, las condiciones de microhábitat, la densidad del grupo y la competencia por la supervivencia de las semillas y la germinación. La depredación de semillas después de la dispersión causada
por los ratones de campo redujo los niveles de germinación sólo en las gradas de la densidad más alta. La reducida
humedad del terreno y la competencia interespecífica con hierbas anuales no autóctonas tenían los efectos negativos
más fuertes tanto para la germinación como para la supervivencia de las semillas. Los resultados sugieren variabilidad
espacial extrema al regular factores de la L. gigantea relacionados con las lluvias tropicales, la abundancia de hierbas
anuales, abundancia de consumidores y dependencia de densidad intraespecífica. La sucesión tras la pérdida de las
gradas más antiguas, la cual probablemente ocurrirá pronto, se determinará por las condiciones actuales del lugar relacionadas con esos factores.

Populations of plants and animals are limited
by factors that either prevent new individuals
from establishing or cause mortality to those
already living (Louda 1989, Gotelli and Ellison 2004, Fenner and Thompson 2005, Barbera et al. 2006). Because strong limitations
often occur at very early life stages, organisms

have responded by adopting particular strategies aimed at increasing productivity and juvenile survival (Pianka 1974, Fenner and Thompson 2005). In flowering plants, the transition
from seed to seedling is rarely successful, and
life history characteristics include traits that
help facilitate seed survival, germination, and

1Institute for Wildlife Studies, 701 East Santa Clara, #42A, Ventura, CA 93003. E-mail: schwemm@iws.org
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seedling growth (Naylor 1985, Fenner 2000,
Fenner and Thompson 2005). However, given
the rapid ecological changes caused by human
disturbance, species’ adaptations such as these
may not be sufficient to maintain population
growth in altered systems (Kearns and Inouye
1997, McClure et al. 2003, Fish et al. 2005).
Identifying the early life stage factors that can
potentially limit population growth, particularly those to which target species are not
naturally adapted, will greatly improve the
likelihood of success in conservation and restoration programs (Seabloom et al. 2003).
Leptosyne gigantea (giant coreopsis, or tickseed) is a dominant shrub found in several
Mediterranean-type coastal plant communities
on the California Channel Islands (Junak et al.
2007). Large stands of L. gigantea create important habitat for vertebrates and associated
understory plant species, especially in island
communities where trees are often absent. Populations of L. gigantea on the islands were
severely reduced in size, and in some cases
eliminated, as a result of grazing and land management practices beginning in the 1850s
(Hochberg et al. 1979). From the 1850s to the
1980s, Euro-Americans and grazing livestock
had both immediate and long-term impacts on
island ecosystems. Domestic sheep (Ovis aries)
were first transported to San Miguel around
1850, and there were nearly 6000 on the island
by 1860 (Ellison 1937). A severe drought in
1863–1864 caused most of the sheep to starve,
but not before they had eaten nearly every
accessible, palatable plant (Roberts 1991). Without the plants to hold the sandy soil in place,
the prevailing winds blew away much of the
topsoil, leaving deposits of sand over nearly
80% of the 14.9 mi2 of the island (NPS unpublished GIS data). Reduced numbers of sheep
remained until 1950; and burros (Equus asinus),
another exotic species destructive to vegetation, were finally removed in the late 1970s.
Recovery of L. gigantea populations in the
decades following the cessation of grazing has
varied. In some areas, L. gigantea has successfully recolonized historic sites; while in others,
it is still mostly absent and exotic plant species,
especially exotic annual grasses, dominate
(Junak et al. 1993, Halvorson 1994, Corry
2006). There are few if any mortality factors
(other than old age) that act on enough mature
individuals of L. gigantea to regulate population
abundance at that stage (e.g., disease, her-

[Volume 7

bivory; personal observation, Salas 1990). Therefore in this study, I investigated factors that
might be acting on very early life stages of
L. gigantea to limit seed bank abundance,
germination success, and seedling survival. I
was especially interested in the strength of
seed consumption by native deer mice (Peromyscus maniculatus) and the relative importance of anthropogenic limitations.
Seed Ecology
Leptosyne gigantea begins flowering in
January or February depending on winter
rains, and following pollination, seeds require
approximately 10–12 weeks to mature. Seed
set commences in late spring and continues
through midsummer. Seeds enclosed in their
fruit (achenes) are 2–5 mm in length, oblong
and somewhat flattened, and have a very small
pappus (wing). (Herein, “seed” will be used to
refer to the achene as it is dispersed from the
flower.) Leptosyne gigantea seeds are not
adapted to wind dispersal (Schiffman 1997)
despite the high winds that dominate island
weather conditions, and seed dispersal is
likely facilitated by rodents and passerine
birds. The maximum number of L. gigantea
seeds produced in a given year that will eventually establish as seedlings is some subset of
the seeds present in the soil prior to winter
rains (Leck et al. 1989), and herein I refer to
these seeds as the prewinter seed bank (Simpson et al. 1989, Montiel and Montana 2003).
Seed Predation
The consumption of seeds by animals is
often termed seed predation, and the process
is usually described according to whether the
seed is consumed while still on the plant or after
it has dispersed. If a seed is consumed or
damaged by herbivores while still on the parent
plant, the process is known as predispersal
seed predation and includes not only the
direct consumption of seeds, but also all interspecific processes that kill or damage seeds
such that they never mature (Fenner 2000,
Kolb et al. 2007). A related study identified
the 2 primary predispersal seed predators of
L. gigantea as insect larvae and deer mice and
found that while a substantial number of seeds
can be lost to predispersal predation (>20%),
this factor did not contribute to corresponding
differences in seed bank abundance between
populations (Schwemm 2008).
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Postdispersal seed predation, particularly
by rodents, is a substantial source of seed loss
for many plant populations (Crawley 1983,
Hulme 1998, Howe and Brown 2000). Specifically, studies have demonstrated the ability of
several Peromyscus species to consume large
portions of available seeds (Mittelbach and
Gross 1984) and to regulate plant abundance
under certain conditions (Boyd 1991, Cabin et
al. 2000, Maron and Simms 2001, Bricker et al.
2010). Because deer mice are extremely abundant and widespread on the Channel Islands
(Drost and Fellers 1991, Schwemm and Coonan
2001, Schwemm 2008), I was particularly interested in studying the influence of P. maniculatus
on L. gigantea abundance via seed predation.
Microsites and Resource Competition
The physical and environmental parameters of a seed’s final resting location are cumulatively termed its microsite. If these conditions facilitate establishment (i.e., they protect
the seed from mortality and support germination), the location is also termed a safe site
(Fenner and Thompson 2005). Microsite conditions are critical regulating factors for nearly
all flowering plants (Barbera et al. 2006), and
the likelihood of an individual seed within a
population actually arriving at a safe site is
extremely low (Naylor 1985).
The presence of exotic annual grasses can
alter microhabitat conditions near the ground,
often substantially reducing the availability
of safe sites (Williams and Hobbs 1989, Eliason and Allen 1997). The dominance of annual
grasses on the islands, particularly Avena and
Bromus species, increased dramatically with
the introduction of grazing practices to the
islands’ habitats; and in many locations, the
abundance of these species has not declined
in response to the absence of the grazers
themselves. My investigation into factors that
could be limiting L. gigantea therefore
includes the possibility that exotic annual
grasses, both living individuals and the litter
layer that accumulates in the absence of disturbance, reduce safe-site availability.
METHODS
Study Sites
The study was conducted on San Miguel
Island (SMI), the westernmost of the 8 California Channel Islands and one of 5 islands
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within Channel Islands National Park. Annual
weather patterns on the Channel Islands are
characteristic of Mediterranean climates
throughout the world, with winter rainfall
followed by summer drought (Keeley and
Swift 1995). However, the dry season on the
islands is moderated somewhat by fog and
coastal humidity that provide additional moisture (Dorman and Winant 2000). The absence
of land masses to the west of SMI results in
a windier and moister climate than is found
on the other Channel Islands (Dorman and
Winant 2000). The average precipitation on
SMI is 39.15 cm (1993–2008), with much of
that coming as fog drip (Estberg 1996), and
there is a nearly constant northwest wind of
20–40 km · h–1.
Three sites on SMI were selected for study.
At each site, an area of habitat 50 × 40 m
(2000 m2) was identified within which all of
the sampling described below was conducted.
Each site was centered within the community
type described (i.e., no edge or ecotone was
included). The sites differed in growth dynamics of L. gigantea but were all located on the
north portion of the island within 1 km of each
other, were without differences in slope or
aspect, and were exposed to identical weather
and local climate conditions. While it is not
known with certainty what the sites were like
when grazers were removed, all historic reports
suggest that the island was nearly completely
grazed with very little herbaceous vegetation
remaining other than on inaccessible, steep
slopes.
The first site (Grassland) was a homogenous annual grassland dominated by Avena,
Bromus, and Hordeum species, with additional
invasive annuals such as Sonchus oleraceus
and Medicago polymorpha. Leptosyne gigantea
density here was very low (0.01 individuals
m–2) and all of the individuals were 8–10 years
old, aged by counting annual growth rings
(Schwemm 2008). This site was representative
of the ubiquitous nonnative annual grasslands
that now exist in California as a result of European grazing practices over the last 2 centuries
(D’Antonio et al. 2007). The presence of reproductive L. gigantea individuals here, albeit
at very low densities, indicates that environmental conditions at the site are conducive to
growth and that population limits are instead
imposed by the absence of a seed source
and/or factors that prevent establishment of
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juvenile plants. The ground at the Grassland
site is covered by a thick (1–5 cm) layer of
dead grass litter which has accumulated over
time. Unlike most mainland systems, few disturbance processes (e.g., gopher activity, fires)
exist within island systems to remove or
reduce this layer or to facilitate the reestablishment of native species (D’Antonio 1993).
The second site (Transition) was a mixed
community where native shrubs (L. gigantea
at densities of 4.7 m–2, Lupinus albifrons, Isocoma menziesii, and Eriogonum grande var.
rubescens) occupied approximately a quarter
(26.8%) of the area, and annual grasses, other
herbaceous species, and bare ground the
remainder. The understory was diverse and
included annual grasses, exotic perennials
such as Carpobrotus edulis (exotic iceplant),
native herbaceous perennials (Marah macrocarpa), and native annuals such as Eschscholzia californica and Dudleya greenei. The
age structure of the L. gigantea population
was highly skewed toward young individuals,
with few individuals older than 10 years
(Schwemm 2008). The abundance of young
plants suggests that at present there are few
limitations on L. gigantea recruitment and
growth at this site. Ground cover at the Transition site is much more diverse than at the
Grassland site, with a low-growing vegetation
layer that includes small annuals (E. californica,
Gnaphalium sp.), low-growing and spreading
perennials (Achillea millefolium, Dudleya
greenei, Marah macrocarpus, Carpobrotus chilensis), and exotic annual grasses. While the
relative amount of litter cover here was not
significantly different from that at the Grassland site, the composition was much more
diverse and the layer substantially thinner
overall (Schwemm unpublished data). Demographic sampling of L. gigantea indicated
canopy cover of these shrubs was approximately
30% of the area, and other shrub species
provided additional cover of about 5%–10%
(Schwemm 2008).
The third site (Mature) was a highly dense
stand of L. gigantea (9.3 m–2), where many
individuals were unbranched and per capita
flower production was much lower than in
the Transition population (Schwemm 2008).
Postgrazing establishment apparently occurred
rapidly here with high adult survival, such that
at the time of this study, density-dependent
mechanisms were strongly limiting further
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recruitment and the population was at carrying capacity (Schwemm 2008). Most individuals were over 15 years old; and in contrast to
the Transition site, young L. gigantea plants
at the Mature site occurred only in gaps
where dead individuals created openings in
the canopy (Schwemm 2008). The understory,
where present, was a mix of native and exotic
annuals and low-growing native perennials
(E. californica, D. greenei). Understory plants
were absent from much of the site, owing to the
unbroken canopy that prevented direct sunlight from reaching the ground in most places.
Much of the ground surface was exposed mineral soil, with occasional soil crusts and mosses.
Study Design
SEED BANK.—To quantify the L. gigantea
and annual grass seed banks, soil samples
from each site were collected prior to winter
rains in November 2006 and in October 2007.
Six samples of approximately 340 mL of soil
(113 cm2 of surface area to 3 cm deep) were
collected at 10-m intervals along a transect
through the center of each site. A subsample
of 250 mL was moistened and placed in a
refrigerator (5 °C) for 2 weeks to accelerate
seed development. These samples were then
spread on plastic trays filled with 3:1 potting
soil and perlite. The trays were maintained
under greenhouse conditions with daily watering and were sampled weekly. All emerging
seedlings were identified to genus (and in most
cases species) and removed after counting.
The samples were maintained for approximately 3 months or until no new seedlings
were noted for 2 weeks. The number of L.
gigantea seedlings emerging from the 6 samples
was averaged for each site, and this number was
multiplied by the proportion of the site represented by one sample (2000 m2 /0.113 m2).
LIMITATIONS ON GERMINATION—A factorial
seed-addition experiment utilizing small mouseproof cages was used to cross 3 treatments
testing the effects of seed predation, ground
cover, and seed density on seedling establishment. Cages (30 × 30 × 10 cm) were constructed of small-mesh (1/4-inch) hardware
cloth. Each set of 8 cages (2 levels of mouse
accessibility × 2 levels of ground cover × 2
seed densities) was replicated 6 times at 10-m
intervals along transects centered in each of
the 2000-m2 study plots described above (8
cages × 6 replicates = 48 cages at each site).
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Treatments were assigned randomly to cages
within a replicate.
To test for rodent effects, a small opening
was cut on one side of half of the cages to
allow mouse access (treatment levels of “open”
and “closed”). The openings allowed mice
access to the seeds prior to and during the
winter germination period. (Other groups that
likely consume L. gigantea seeds are ants and
ground-feeding passerines; both the open
and closed cages allowed access by invertebrates but likely prevented all access by
birds.) To test the effects of ground cover, half
of the treatments were hand-cleared of all
material that overlaid bare soil prior to seed
addition. This layer included all living and
dead vegetation (litter) as well as obvious nonvascular material (soil crusts) and L. gigantea
seeds. Though most seeds of all species were
likely removed in this process, a small number
of seeds certainly remained on the surface and
possibly below the top layer of soil. The treatment levels were then identified as “cleared”
and “uncleared.”
To test whether seed abundance affected
seed predation impacts or whether there were
density-dependent effects on germination, 2
seed densities were used (treatment levels of
“high” and “low”). The densities were selected
to span the range from the high limit of the
natural seed bank (approx. 670 m–2; 60/cage)
to what might be used for a restoration seeding application (1500 m–2; 135/cage).
Cages were fixed to the ground in November 2006 and seeds (collected on-island during the prior summer) scattered randomly
through the top of the cage. A small amount
of adjacent in situ soil was used to lightly
cover the seeds. Cages were checked 3 times
between January and April 2007. During each
check, all L. gigantea seedlings were counted
and marked with colored toothpicks and mortality was calculated by subtraction between
observations. By January, all of the sites were
already dry due to the lack of rain. Because I
was interested in seedling survival between
sites in addition to germination rates and it
was possible that rain would return within a
few weeks, I applied water equivalent to 1 cm
of rainfall to all sites in an attempt to support
the seedlings through the dry period. Seedling
abundance increased from January to February; but after February, no additional seedlings
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were observed and mortality increased, so I
used seedling counts from February only.
The fully crossed, 3-factor randomized block
design was analyzed using 3-way ANOVA in
SAS (SAS Institute, Inc.), testing the effects of
rodent access, ground cover, and seed density
on the proportion of seeds germinated (Gotelli
and Ellison 2004). Percentage results were
arcsine transformed to normalize data prior to
analysis.
MOUSE DENSITIES—Deer mouse abundance was compared between sites via markrecapture trapping during 2 sessions in
November 2006 just prior to and after establishing the cage experiments described above.
To obtain an index of population size, each
trapping session included 2 nights of trapping, with 12 or 18 traps each night. The number of traps used was consistent within a session, but the maximum number of traps was
not available for all sessions. Two or 3 transects of six 12-inch Sherman live traps (H.B.
Sherman Co., Tallahasee, FL.) were placed in
the center of each site. Traps were baited with
dry oats and checked early each morning; captured animals were identified to sex and age,
marked with eartags, and released. Traps were
then closed for the day and reopened at dusk.
All sampling was conducted in accordance
with the American Society of Mammalogists
guidelines for the use of wild animals in
research and teaching (Sikes et al. 2011).
RESULTS
Seed Bank
There were more L. gigantea seeds in the
prewinter seed bank at the Transition than at
the Mature site in both 2006 and 2007. Estimated mean seed density was 457.3 m–2 (SE
20.6) at the Transition site and 29.5 m–2 (SE 5.4)
at the Mature site in 2006, and 413.0 m–2 (SE
99.0) and 162.3 m–2 (SE 100.0) respectively
in 2007. Densities of annual grass seeds (all
Avena, Bromus, and Hordeum species pooled)
were substantially higher at the Transition
than at the Mature site in both years sampled
(Fig. 1). No L. gigantea seeds ever germinated
from the Grassland soil samples, though if soil
samples had been collected nonrandomly from
directly beneath the existing adult plants, seeds
would likely have been detected, albeit in low
numbers.
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Transition/2006

Fig. 1. Mean number of annual grass and L. gigantea seeds from soil samples at 2 sites, 2006 and 2007.
TABLE 1. Three-way ANOVA for the effects of rodent access, ground clearing, and variable seed density on germination success. P values in bold are significantly different (α = 0.05) within habitat type.

Source of variation

df

Grassland
__________________
F
P

Rodent access (A)
Ground cover (C)
A×C

1
1
1

1.45
37.6
1.90

Transition
__________________
F
P

0.24
<0.0001
0.17

2.07
3.58
1.59

0.0452
0.0009
0.12

Mature
__________________
F
P
6.53
6.14
3.29

<0.0001
<0.0001
0.002

TABLE 2. Total number of germinated seeds and percent seed germination by treatment. Number in parentheses is
the total number of seeds. Italicized entries indicate significantly less germination, and bolded entries indicate significantly more germination than other treatments.

Treatment
Rodent access
Open
Closed
Ground cover
Cleared
Uncleared

Overall
_______________
Total
(7202)
%

Grassland
_______________
Total
(2340)
%

Transition
_______________
Total
(2340)
%

Mature
________________
Total
(2340)
%

292
551

4.16
7.85

89
106

3.80
4.53

140
208

5.98
8.89

63
237

2.69
10.13

347
496

4.94
7.07

159
36

6.79
1.54

117
231

5.0
9.87

71
229

3.03
9.79

Germination Success
The effects of each of the treatments—rodent
access, ground cover, and seed density—on
germination success differed strongly between
sites. Rodents significantly reduced germination in the Mature population (F = 6.53, P <
0.0001), had a weaker but significant effect in
the Transition population (F = 2.07, P = 0.045),
and had no effect in the Grassland (Table 1).
Of the 2340 seeds placed in both open and

closed treatments at each site, 237 (10%), 208
(9%), and 106 (5%) germinated in the cages
protected from mice in the Mature, Transition,
and Grassland communities, respectively, compared to 63 (3%), 140 (6%), and 89 (4%) in the
open treatments. The impacts of ground cover
on germination were strongly site dependent.
In the Grassland, the ground cover consisted
almost exclusively of thick grass litter, and germination increased significantly when this
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TABLE 3. Deer mouse sampling results at 3 Leptosyne gigantea study sites, San Miguel Island, November 2006.
Site
Grassland
Transition
Mature

Date

Trap nights

Individuals

Total captures

Trap success

5–7 Nov 2006
28–30 Nov 2006
5–7 Nov 2006
28–30 Nov 2006
5–7 Nov 2006
28–30 Nov 2006

24
36
24
36
24
36

7
16
9
18
22
19

7
16
11
26
28
22

0.29
0.44
0.46
0.72
1.17
0.61

material was removed (F = 37.6, P < 0.0001).
In contrast, in the Transition and Mature populations, there was a strong but negative effect
of removing ground cover. The effect was
greater at the Mature site (F = 6.14, P <
0.0001) than at the Transition site (F = 3.58, P
= 0.0009), even though the existing ground
cover layer at the Mature site was quite thin.
There was a small positive effect of seed density on germination at the Mature site (F =
3.11, P = 0.003) and no effect at the other
sites. Interaction effects explained very little
of the additional variation in germination success, except in the Mature population, where
there was a small negative effect in the interaction of ground clearing and rodent access (F
= 3.29, P = 0.002).
Seedling Survival
Seedling abundance varied between treatments and sites, with a total of 838 seedlings
alive across all sites in February 2007 (Table
2). By this date, however, all of the sites were
becoming quite dry due to the lack of rain.
Despite the application of supplemental water
in January equivalent to 1 cm of rainfall, by
early April there was nearly 100% mortality of
seedlings at both the Mature and Transition
sites and similar results in the Grassland a few
weeks later. Seedling mortality was almost
completely due to physiological stress of desiccation, and there was very little if any observed herbivory on live seedlings from either
mice or invertebrates.
Mouse Densities
Results of mouse population sampling concurrent with the introduction of the experimental seeds in the fall of 2006 indicated that
levels of mouse abundance were highest at the
Mature site and lower but similar to each
other at the Grassland and Transition sites
(Table 3). Index values of capture success
ranged from 0.29 in the Grassland to 1.17 in
the Mature site (values >1.0 mean there were

more captures than there were trap-nights,
indicating very high population densities in a
sampled population; Efford 2004). Populations
were high in all cases compared to published
estimates from other systems (Schwemm 2008).
Due to low sample size, statistical analysis of
trapping results was not possible. However,
concurrent sampling by the National Park Service on SMI using established mark-recapture
methods (Schwemm 2008) showed similar patterns between vegetation types.
DISCUSSION
Consumer Effects
Results presented here indicate that the
impacts of deer mice on L. gigantea populations are related to mouse abundance under
certain conditions but that more often mouse
effects are weaker than or are moderated by
other limiting factors. Estimated mouse abundance at the Grassland site in November
2006, when the experimental seeds were
introduced, was higher than the average fall
abundance estimated by NPS for their SMI
grassland sampling site over the prior decade
(350+ mice ⋅ ha–1; Schwemm 2008). However,
allowing mice access to seeds in the grassland did not decrease L. gigantea germination
rates, likely because mice were feeding primarily on grass seeds. Many studies have
demonstrated that granivores select seeds
based on food value, which is often directly
related to seed size (Reichman 1979, Mittelbach and Gross 1984, DeSimone and Zedler
1999, Howe and Brown 2001). Exotic annual
grass seeds are much larger than L. gigantea
and most other native herbaceous seeds in
SMI plant communities. In contrast, the highest levels of seed predation (reduced germination when mice had access to seeds) occurred
at the Mature site, where adult and seedling
densities of L. gigantea were very high
(Schwemm 2008). Mouse densities here were
higher than at the other sites, and it is unclear
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whether increased seed predation at the
Mature site was due primarily to more mice
or to the absence of grass seeds as a preferred
food that led to density-dependent foraging
behavior by mice in treatments where L.
gigantea seeds were more abundant (Davidson
and Morris 2001). However, because consumer
effects on L. gigantea were inversely related to
grass seed abundance (i.e., strongest impacts
at the Mature site, less but still significant at
the Transition, and none in the Grassland),
these results strongly suggest that regardless
of mouse densities, the presence of annual
grasses diverts granivory away from L. gigantea
seeds.
Competition, Microsite Effects,
and Soil Moisture
Germination success was reduced in the
Grassland site when the litter layer was left
in place compared to when it was removed;
whereas the opposite effect occurred at the
other 2 sites. Many studies have demonstrated
the negative impacts of an existing grass litter
layer on seedling emergence and survival of
native species (Williams and Hobbs 1989,
Martinez and Fuentes 1993, Eliason and Allen
1997, Maret and Wilson 2005). I suggest that
the negative effects of annual grasses on L.
gigantea were caused by 2 primary mechanisms: the physical impacts of grass litter that
limit resource availability to L. gigantea seeds
and the biotic competition from grass seedlings.
First, the presence of a deep grass litter
layer can limit the availability of both light and
water to seeds on the soil surface, reducing
seed germination and seedling survival (Fenner and Thompson 2005). Changes in light
regimes are often the cue that ends seed dormancy (Fenner and Thompson 2005), and the
presence of litter blocks light that would otherwise reach seeds, reducing the strength of
this stimulus. Increased moisture can also be
a cue to end dormancy, and the presence of a
thick litter layer likewise impedes the transport of water from the atmosphere to the soil
surface. Because so much of the moisture
available to seeds and seedlings on SMI
results from fog drip (Estberg 1996), a thick
grass litter layer may have a particularly
strong negative effect on seeds adapted to a
foggy climate. Fog drip does not have the
force of rainfall to move the water through
the litter to the soil, so the moisture simply
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remains on the litter surface, unavailable to
seeds until it evaporates (Corbin et al. 2005).
The presence of litter may also alter microsite
conditions (e.g., temperature and humidity)
such that the near-ground environment is less
supportive of native seed survival and germination (Chambers and MacMahon 1994, Fenner and Thompson 2005).
Secondly, annual grass seeds emerge sooner
and grow more quickly than do native seeds,
making them stronger competitors for available soil moisture (Williams and Hobbs 1989,
D’Antonio and Vitousek 1992, Martinez and
Fuentes 1993, Coleman and Levine 2007)
and light (Williams and Hobbs (1989). The inability of L. gigantea seeds to germinate and
establish in the presence of litter and dominant grass seedlings is therefore the most
likely explanation for the very low densities
of adult L. gigantea in the Grassland; poor
microsite conditions are strong limiting factors, and in exotic annual grasslands may be
nearly insurmountable obstacles for native
seeds (Etherington 1982, Fenner and Thompson
2005, Barbera et al. 2006, Corbin et al. 2007).
In contrast to the positive effect on germination of removing the ground cover in the
Grassland, the loss of a litter layer at the other
sites had a significant negative impact. The
ground cover layer at these 2 sites consisted of
dead material from live native annuals and lowgrowing perennials, some soil crusts, and little
or no cover by exotic annual grasses. Any inhibitory effects that the accumulation of litter
at the Mature and Transition sites had on
either changing the physical environment or
producing competing seedlings for L. gigantea
were apparently countered by the facilitative
conditions created by the material (Kirkman et
al. 2004). Not only were fewer seedlings present
in the cleared treatments, but desiccation effects of low rainfall were noted sooner in the
cleared areas than in the uncleared ones
(Schwemm 2008). Variable interactions between
soils and ground cover across the 3 sites may
also have contributed to differences in seedling survival. Soils at the Grassland site, though
not directly measured, had a visibly higher
clay content and retained more moisture than
did the more sandy soils at the Transition and
Mature sites. The cleared treatments at all
sites dried out more quickly after rains than
the uncleared treatments (personal observation), but seedlings at the cleared sites in the
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Grassland survived longer than did seedlings
at the sites with sandy, nonclay soils.
Finally, to connect early life stage limitations with population growth, observations of
treatment responses should be followed by
measurements of survival of the treatment
cohort through to adult stages (Crawley 1997,
Bricker et al. 2010). In spite of supplemental
watering, physiological stress on seedlings
from low rainfall in late winter 2007 resulted
in the death of all the seedlings by the end of
spring. While this outcome was unanticipated, it
provided important information on L. gigantea
dynamics at early stages: in some years, water
limitation at the seedling stage is a much
stronger population-regulating factor than anything that acts earlier (Fenner and Thompson 2005, Corbin et al. 2007).
CONCLUSIONS
Population Regulation and
Succession in L. gigantea
Limiting factors for L. gigantea on SMI
include both naturally evolved and humanaltered processes, and the relative strengths of
these factors vary across communities. For example in the Grassland, the 2 primary impediments to population growth of L. gigantea
are the nearly complete absence of safe sites
and seed limitation—both of which are directly
due to the abundance of exotic annual grasses,
an anthropogenic ecosystem alteration. Alternatively, factors that currently limit L. gigantea
population growth in the Mature stand are
associated with natural succession, where the
high proportion of older L. gigantea indi viduals (apparently caused by self-thinning;
Schwemm 2008) suggests that this population
is at or near carrying capacity (Crawley 1997).
Late successional communities are normally
subject to strong density-dependent processes,
in particular, high consumer densities (in response to structural characteristics) and low
seedling survival (Barbour et al. 1999); and
both of these conditions appear to exist in the
mature L. gigantea population.
The observation of high seedling production in the Mature stand in 2007, 2008, and 2012
(personal observation) is therefore surprising
but can be explained if L. gigantea employs a
strategy that assures seedling resources in
the event of a major disturbance (for example,
a blowdown). Seedling recruitment of shrub
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species in mature Mediterranean communities
is rare and usually happens on a large scale
only when gaps are created by the death of
older individuals (Etherington 1982, Parker
and Kelly 1989). High production of seeds by
L. gigantea may be a natural adaptation to
periodic disturbances (Barbour et al. 1999).
Implications for Shrub Community
Recovery and Restoration
Results from this study suggest that relatively high soil moisture conditions and moderate levels of consumer pressure were important contributing factors to L. gigantea
population growth on SMI. A similar process
of recovery has not occurred on Santa Barbara
Island (SBI), however, where annual grasslands still dominate much of the island and
shrub community expansion has been slower
(Corry 2006). I suggest that interactions of
multiple strong limiting factors—including
microsite limitation on SBI (due to expansive
grasslands and fairly intense pressure on vegetation and soils by nesting seabirds; Johnson
and Rodriguez 2001, Corry 2006, Maesako
1999, Schwemm 2008), drier soil moisture,
and periods of extremely high deer mouse
densities—are responsible for the absence of
substantial population growth of L. gigantea
and other shrub species on the island. Without
human intervention on SBI and in the grasslands on SMI to mitigate the factors that currently limit L. gigantea establishment and survival, it is unlikely that shrub community
recovery will occur naturally in these systems.
Understanding the relative importance of limiting factors on L. gigantea dynamics will allow
managers to focus on addressing the important
factors regulating growth, both to aid in the
recovery of this species and to protect larger
island shrub communities.
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EELGRASS MEADOWS RETURN TO FRENCHY’S COVE, ANACAPA ISLAND:
RECOVERY TEN YEARS AFTER SUCCESSFUL TRANSPLANTATION
Jessica Altstatt1, Richard Ambrose2, Jay Carroll3,
James Coyer4, Joseph Wible5, and John Engle6
ABSTRACT.—A large eelgrass (Zostera pacifica) meadow was present at Frenchy’s Cove, Anacapa Island, prior to the
late 1980s. Extensive grazing by white sea urchins (Lytechinus anamesus) in the late 1980s eliminated the meadow by
1991, when a 60-m transect (10-m depth) was established; no natural recovery was observed from 1991 to 2002. In
2002, approximately 450 eelgrass shoots were transplanted to Frenchy’s Cove from 2 large meadows at Santa Cruz
Island (Smugglers Cove, Prisoners Harbor), and a second transect (7-m depth) was established in 2004. Shoot planting
densities ranged from 0.11 m–2 to 11 m–2. Meadow dimensions, shoot density and reproductive status, along with density and species abundance of associated benthic invertebrates and fishes were surveyed annually along each transect
from 2003 to 2012. Densities of white urchins remained low, thereby facilitating expansion of the meadow via vegetative growth and seedling recruitment. Individual patches eventually coalesced into an overall meadow at Frenchy’s
Cove of 0.87 ha in 2009, retracting slightly to 0.62 ha in 2012. Shoot density reached a mean of 108 m–2 in 2009 and
ranged from 23 m–2 to 90 m–2 in 2012, comparable to natural meadows at nearby Santa Cruz Island. Increased diversity and abundance of invertebrates and fishes were evident, with an average of 5 (2001), 9 (2005), and 14 (2011) fish
species recorded during 30-minute surveys and a dramatic shift in fish guilds, with black perch, pile perch, and halfmoon only associated with the new meadow. As a result of the initial 2002 eelgrass transplantation, eelgrass meadows
returned to northern Anacapa Island; and by 2012, they expanded along nearly 3 km of nearshore sandy habitat. A diverse
biotic assemblage is becoming reestablished at Frenchy’s Cove and adjacent shallow sandy substrates along the north
side of Middle Anacapa Island.
RESUMEN.—Antes de finales de la década de 1980, existía un extenso campo de zosteras marinas (Zostera pacífica)
en Frenchy’s Cove (Cala Frenchy en Isla Anacapa). Hacia finales de los ochentas, comenzó una explotación extensiva del
erizo de mar blanco (Lytechinus anamesus) que ya en 1991 había eliminado ese campo de zosteras, a la vez que se consolidó un transecto de 60 metros (10 metros de profundidad); sin observar recuperación natural desde 1991 hasta el año
2002. En el año 2002, se trasplantaron ~450 brotes de zosteras en Frenchy’s Cove procedentes de dos prados extensos
de la Isla de Santa Cruz (Smugglers Cove, Prisoners Harbor) y en el año 2004 se consolidó un segundo transecto (de
7 metros de profundidad). La densidad de los brotes plantados variaba desde 0.11 a 11 m–2. Desde el año 2003 hasta el
2012, las dimensiones de la superficie del campo, la densidad de los brotes y el estado reproductivo, así como la densidad y abundancia de especies de invertebrados y peces bentónicos asociados se midieron anualmente a lo largo de cada
transecto. Las densidades de los erizos de mar blancos continuaron siendo bajas y, por lo tanto, facilitaron la expansión
del campo de zosteras a través de crecimiento vegetativo y recolección de semillas. Algunos parches sueltos se fusionaron en un campo globalizado en Frenchy’s Cove llegando a 0.87 hectáreas en el 2009, retrayéndose ligeramente hasta
0.62 hectáreas en 2012. La densidad de los brotes alcanzó un promedio de 108 m–2 en 2009, y varió entre 23 y 90 m–2 en
2012, medidas comparables a las de los campos naturales de zosteras en la cercana isla de Santa Cruz. Fue evidente el
aumento de la diversidad y abundancia de invertebrados y peces, registrándose promedio de especies de peces de 5 (2001),
9 (2005) y 14 (2011) cada 30 minutos de medición; y un cambio radical en los agrupamientos de percas negras, percas
piles y percas de medialuna californianas sólo asociadas a las nuevas plantaciones. Como resultado del trasplante inicial
de zosteras en el 2002, los campos de zosteras habían regresado al norte de Isla Anacapa, y para el año 2012, se habían
extendido a lo largo de casi 3 kilómetros del hábitat arenoso cercano. Un ensamble biótico diverso se está re-estableciendo en Frenchy’s Cove, así como substratos arenosos superficiales adyacentes a lo largo del lado norte de la Isla
Media Anacapa.
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Seagrass meadows form important coastal
habitats by supporting complex food webs
(Hemminga et al. 1994, Valentine and Heck
2005, Heck et al. 2008), filtering nutrients
(McGlathery et al. 2012), fixing carbon (Fourqurean et al. 2012) and nitrogen (Cole and
McGlathery 2012, McGlathery et al. 2012),
transporting metals (Kaldy 2006), and stabilizing sediments (den Hartog 1970, Fonseca et
al. 1990, but see Lawson et al. 2012). Furthermore, diversity of invertebrates and fishes in
eelgrass (Zostera spp.) meadows can be much
higher than in nearby sandy intertidal and
subtidal habitats (Orth et al. 1984, Engle et
al. 1995, Duffy 2006, Reed and Hovel 2006,
Fredriksen et al. 2010). In California, for
example, eelgrass meadows function as nurseries for many fish species with recreational
and commercial importance, including rockfishes (Sebastes spp.), surfperches (Embiotocidae), and kelp bass (Paralabrax clathratus;
Hoffman 1986, Engle et al. 1998).
Seagrass populations have declined worldwide, primarily because of human activities
that alter the habitat (eutrophication and land
use affecting water quality; Orth and McGlathery 2012, Schmidt et al. 2012), as well as
from natural causes such as urchin grazing
(Keller 1983, Valentine and Heck 1991, Short
and Wyllie-Echeverria 1996). The rate of decline has increased over the past 8 decades
(Orth et al. 2006, Waycott et al. 2009).
The dramatic loss of seagrass along the east
coast of North America sparked enough concern that large-scale programs have been
developed to evaluate and refine protocols for
restoration within the Chesapeake Bay region,
one of the world’s largest estuaries (Shafer and
Bergstrom 2010), and the coastal bays of Virginia (Orth and McGlathery 2012), among others. In southern California, eelgrass has been
severely impacted by increased turbidity,
dredging, construction, and pollution of shallow bays and coastal lagoons (Merkel 1991,
Williams 2001). Environmental legislation
(e.g., the 1972 Clean Water Act) requires mitigation for any construction project that might
impair eelgrass meadows and wetland habitat,
and eelgrass mitigation policies have required
enhancement or restoration of meadows at ratios
of 1.2 to 1 or greater (National Marine Fisheries
Service 2011).
Since 1989, there have been 43 eelgrass
transplant projects in southern California
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(National Marine Fisheries Service 2011),
virtually all as mitigation for coastal development. Unfortunately, human activities negatively impacting the original eelgrass meadow/
habitat also negatively impact the transplanted
or restored meadows; consequently, only 10%–
60% of transplantation efforts are successful
(Goforth and Peeling 1978, National Marine
Fisheries Service 1997, Orth and McGlathery
2012). Moreover, there have been no restoration efforts conducted in relatively pristine
waters; all work has been associated with
human-impacted coastal areas (Short and
Wyllie-Echeverria 1996). However, in situations where eelgrass was eliminated and the
mechanism of loss is known and abated, eelgrass recovery can occur with a higher probability of success (Thom et al. 2005).
In addition to large populations in tidal
estuaries such as Humboldt, San Francisco, and
San Diego Bays, there are also subtidal eelgrass meadows along the California coast and
offshore California Channel Islands (Engle et
al. 1998, Engle and Miller 2005). Compared to
eelgrass meadows along the mainland coast,
meadows at the mostly uninhabited Channel
Islands are minimally impacted by humans;
these impacts are restricted to anchoring and
mooring activities associated with recreational
boating which utilize sheltered coves harboring extensive meadows. Equally important
are seasonal storms and/or heavy surf, which
remove biomass, increase sedimentation and
burial, and limit the upper depth range of subtidal meadows.
Eelgrass (Zostera pacifica and Zostera
marina) occurs at approximately 40 locations
around 6 of the 8 Channel Islands, with the
largest meadows on Santa Cruz Island (Engle
and Miller 2005). Substantial Z. pacifica meadows were present from 1980 to 1982 in 7–12-m
depth along the north side of West and Middle
Anacapa Islands, with scattered patches at
East Anacapa Island (Engle et al. 1998, Engle
and Miller 2005). Subtidal surveys in 1991
revealed the absence of a formerly present
meadow at Frenchy’s Cove (West Anacapa
Island) and high densities of white urchins
(Lytechinus anamesus). In 1995, only 2 small
eelgrass patches were present at Cathedral
Cove, East Anacapa Island; subsequently, one
disappeared in 1998 and the other in 1999.
Local extinction of Z. pacifica meadows from
Anacapa Island by 1999 was most likely due
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to overgrazing by white urchins following an
extraordinary post–El Niño recruitment event
in the 1980s (Engle et al. 1995).
Annual surveys from 1991 to 2001 at
Frenchy’s Cove revealed no eelgrass seed lings, adult plants, or drift material. Although
the density of white urchins gradually declined
during this period (60 m–2 in 1992 to 0.4 m–2
in 2000), eelgrass remained absent. Longdistance dispersal of eelgrass can occur via
drifting spathes and/or reattachment of dislodged rhizomes (Reusch 2002, Rhode and
Duffy 2004, Coyer et al. 2008), but neither
mechanism was likely for Frenchy’s Cove because the nearest meadow (Smugglers Cove,
Santa Cruz Island) was >12 km distant and
separated by deep water (>75 m) and strong
currents.
In 2002, we transplanted approximately
450 Z. pacifica shoots from 2 meadows on
Santa Cruz Island to Frenchy’s Cove as described in Altstatt (2005). Initial losses were
high, but after 2 years the surviving shoots
began to expand. In this study, we report spatial and temporal dynamics of the transplanted
meadow, track the spread of eelgrass along the
north side of Anacapa Island, compare shoot
density with 3 reference meadows at Santa Cruz
Island, and describe changes in fish species
composition and densities at Frenchy’s Cove.
METHODS
Site Description
Anacapa Island (ca. 32 km south of Ventura,
California), the easternmost and smallest of
the 4 northern California Channel Islands, is
comprised of 3 small islets. Frenchy’s Cove
(34° 00.595 N, 119° 24.690 W) is a small cove
at the junction of Middle and West Anacapa
islets (Fig. 1), with moderate protection from
prevailing wind and swell. The formerly present
eelgrass meadows occurred on sandy substrates
>6 m depth; shallower substrates were too
coarse and unsuitable (gravel, rock, and shell
hash). The study site borders a brown pelican
nesting area that is seasonally closed to boaters
and is within the Anacapa State Marine Conservation Area created in 2003.
Monitoring
The Channel Island Research Program
established a permanent 60-m transect in
Frenchy’s Cove in 1991, parallel to shore at
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the 10-m contour and in the middle of the
historic meadow. The site was surveyed yearly
between May and July for the density and
percent cover of seagrass, kelps, and macroinvertebrate species using band transects (6
bands, 1 m × 20 m) and quadrats (0.25 m2,
placed every other meter along the fixed
transect). In 2005, a 30-m transect (7-m depth)
was established upslope from and parallel to
the existing transect and was sampled in the
same manner. This transect was located at
the depth of the original shallow edge of the
historic meadow and is the focus of this paper.
Harvesting Donor Meadows
Details on the eelgrass transplantation
methods can be found in Altstatt (2005). In
brief, both harvesting and transplanting work
occurred on 2 July 2002. Single shoots were
harvested by divers from 3 locations (shallow
edge, middle of meadow, and deep edge)
within large meadows at Smugglers Cove and
Prisoners Harbor near the east end of nearby
Santa Cruz Island (Fig. 1). These meadows
were selected based on their proximity to
Anacapa Island and their large size. The donor
meadows differed in genetic makeup, exposure, and depth range (see discussion in
Engle et al. 1998, Engle and Miller 2005,
Coyer et al. 2008). Analysis of water quality or
sediment was outside the scope of this study.
Divers swam along haphazardly placed transects of up to 100 m in length and moved at
least 1–3 m between harvesting individual
shoots. Plants were held for a period of several hours in sea water aboard ship during
transport to Anacapa Island and were re planted the same day.
Planting
We adapted the “bare shoot” transplant
technique developed by Orth et al. 1999. An
estimated 450 eelgrass shoots were transplanted into an area of approximately 300 m2
and into 3 different depths: deep (10-m
depth), shallow (7-m depth), and swath (~50 m
in length, running perpendicular to shore
from 6- to 13-m depth). We thereby covered
a representative area and depth range of the
historic meadow. Along the swath, shoots were
spaced 1 m apart for a density of 1.1 shoots
m–2. In the shallow and deep patch areas,
shoots were spaced at 30 cm for a density of
11 shoots m–2. The shallow and deep patches
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Fig. 1. Location of study sites: (solid circle) large and persistent eelgrass (Zostera pacifica) beds on Santa Cruz Island;
(solid circle within a box) the 2 donor beds at Prisoners Harbor and Smugglers Cove; (X) historic bed locations along
northern Anacapa Island; (open circle) the transplant site at Frenchy’s Cove.

received 100 shoots each and the swath received approximately 250. Shoots were not
labeled according to source and were randomly selected by divers when planted. Additional details can be found in Altstatt (2005).
Shoot Density
Divers counted all individual shoots from
2002 to 2004 (initial sampling interval ranged
from weeks to months) until the number of
shoots increased to a level precluding individual counting. From 2005 to 2012, we counted
individual shoots within fifteen 0.25-m2
quadrats placed every other meter along the
fixed shallow transect. Counts were extrapolated to shoots per m2. An analysis of variance
(one-way ANOVA) was conducted to test for
significant differences in shoot densities

between sampling dates (years). From 2006 to
2012, divers measured the extent of eelgrass
along the shallow transect out to 10 m perpendicular to the transect at regular intervals both
inshore and offshore, thus mapping an area of
600 m2 (20 m × 30 m).
Divers also made observations on eelgrass
outside of this immediate area. The fixed 30-m
shallow transect line was scored yearly for
proportion of eelgrass, sand, and worm tubes
(Chaetopterus sp.). In 2005, 2008, 2009, and
2012, shoot density was determined from
haphazardly placed quadrats within the middle of the meadow in 8-m water depth, in
addition to along the fixed 7-m-depth transect.
In 2009 and 2012, divers mapped the extent
of the entire eelgrass meadow by swimming
along the edge of the densest eelgrass observed
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TABLE 1. Diver reconnaissance surveys from 1980 to 2012 for eelgrass (Zostera pacifica) in 6 different areas at
Anacapa Island, California. An asterisk (*) denotes no survey. Shoots = <10 individual shoots, Patches = 1–3 m2
(10–100 shoots); Ana = Anacapa. Bold face type denotes the date of transplant.
Dive date
Oct 1980
Jun 1981
Mar 1982
Jun 1982
June 1985
Jul 1991
Jun 1992
Jul 1993
Jul 1994
Jun 1995
Aug 1995
Dec 1995
Jun 1996
Jul 1997
Jun 1998
Jul 1999
Jun 2000
Jul 2001
Jul 2002
Jun 2003
Jun 2004
Jun 2005
Jun 2006
Jun 2007
Jun2008
Jun 2009
Jun 2010
Jul 2011
Jun 2012

Frenchy’s Cove
West Ana
meadow
*
*
meadow
*
none
none
none
none
*
none
*
none
none
none
none
none
none
transplant
shoots
shoots
patches
patches
meadow
meadow
meadow
meadow
meadow
meadow

East Frenchy’s
W. Middle Ana

Mid Middle
Ana

E. Middle
Ana

NW end
East Ana

*
meadow
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
shoots
patches
patches
patches
meadow
meadow
meadow
meadow
meadow

meadow
*
meadow
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
none
*
*
shoots
*
*
*
patches
*

*
*
*
*
*
*
*
*
*
none
*
*
*
*
*
*
*
*
*
*
none
none
*
*
*
*
*
patches
patches

meadow
*
*
*
*
*
*
none
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
shoots

within Frenchy’s Cove while towing a GPS
unit on a surface float; the resulting track
polygon shape was then converted to hectares.
We compared changes in shoot density at
Frenchy’s Cove with the 3 largest natural
meadows at Santa Cruz Island—Prisoners
Harbor (3–9-m depth), Scorpion Anchorage
(5–8-m depth), and Smugglers Cove (9–16-m
depth). Individual shoots were counted in
0.25-m2 quadrats established every other
meter along haphazardly placed 30-m transects throughout the meadows in October
2001, 2005, 2008 and 2009.
Reconnaissance Surveys
Diver surveys for the presence of eelgrass
focused on 4 locations along northern Anacapa
Island where eelgrass was documented in
1980–1981 prior to the period of high white
urchin abundance in nearshore habitats: 0.5
km east of Frenchy’s Cove, North–Middle
Anacapa Island, Northwest–East Anacapa
Island, and Cathedral Cove. Reconnaissance

Cathedral Cove
mid East Ana
*
patches
*
*
patches
*
*
none
*
*
*
2 patches
1 patch
1 patch
1 patch
none
none
none
*
*
*
*
*
none
*
*
*
none
*

surveys occurred yearly during the summer,
from 1981 to 2012. Teams of divers scouted
in different directions at each location. If eelgrass was present, then the shoot count or
patch size, inshore and offshore depth range,
and the lateral extent along the shoreline were
recorded. On the surface, a GPS position was
determined at diver-deployed floats marking
the patches, although there were often scattered shoots beyond these points. In some
instances when there was not a definable
meadow, a position was taken on the middle of
the scattered shoots and divers noted patch
size, shoot count, and condition.
Roving Diver Fish Counts
We conducted 30-min roving diver fish
counts (CINP Kelp Forest Monitoring Program
1997) to determine indices of species presence, abundance, and diversity. Fish species
were scored both on (1) the 5-min time intervals
during which they were encountered and (2)
abundances recorded during the overall 30-min
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Fig. 2. Total number of observed eelgrass (Zostera pacifica) shoots in shallow transplant area at Frenchy’s Cove,
Anacapa Island, California, from July 2002 to April 2005.

survey. Abundances during the survey were
described using the following 4 categories:
single (1), few (2–10), common (11–100), and
many (>100). Divers remained within a set
depth range, geographical area, or habitat type
(eelgrass or sand plain). In 2012, we conducted
additional fish counts over sandy plains at
Cathedral Cove. For analysis, we created a
weighted abundance index that combined the
“Time Interval Code” and “Abundance Code”
(if a species was not tallied, the Abundance
Code was 0). The index was (TIC/10)*AC.
This formula gives more weight to fish seen
earlier in the 30-min count; so for example, a
species with an overall abundance of “common” (3) seen in the second time interval (9)
would have a weighted index of 2.7.
White Urchin Density
From 2005 to 2012, we measured white
urchin density within fifteen 0.25-m2 quadrats
placed along the shallow transect. We searched
the sediment, eelgrass, and drift material in order to capture cryptic urchins or recent recruits.
RESULTS
A total of 182 person-dives were made at
Frenchy’s Cove and along the north side of
Anacapa Island for eelgrass surveys and

reconnaissance between the years 2002 and
2012 (Table 1). In summary, 97% of shoots
were lost within the first 6 months, but survivors expanded so that by 1.5 years, shoots in
the shallow plot more than doubled from the
original planting (Fig. 2). There was little
regrowth in the swath and deep plots.
Shoot Density
We observed 3 distinct phases of shoot
density (Fig. 3). From 2005 to 2007, there was
no significant change in density along the
shallow transect; but there was a significant
difference (ANOVA, df = 1, MS = 14287.62,
P = 0.002) between 2007 (41.9) and 2008
(86.3) when density doubled. Shoot density
stayed high from 2008 through 2010 but
declined by half in 2011 and was further
reduced to a mean of 23 m–2 by 2012 when
much of the inner edge of the previously
dense meadow was missing. A third of the
transect in 2012 showed signs of disturbance
and consisted of sparse shoots (<1 m–2; Fig. 4)
but with seedlings evident nearby (seedings
were not included in density estimates). There
was no significant difference in density
between 2007 (first phase) and 2012 (third
phase); however, there was a significant difference (df = 1, MS = 25579.2, P = 0.0004)
between 2010 (second phase) and 2011 (third
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Fig. 3. Eelgrass (Zostera pacifica) shoot density and meadow extent at Frenchy’s Cove, Anacapa Island, California,
from 2005 to 2012. Solid squares indicate shoot density along a fixed shallow (7-m depth) transect. Error bars are +
–1
SE. Small circles indicate total area (m2) of eelgrass bed around fixed transect from 2006 to 2012.

Fig. 4. Eelgrass (Zostera pacifica), sand, and worm tubes (Chaetopterus sp.) at Frenchy’s Cove, Anacapa Island, California, from 2004 to 2012, as a proportion of the permanent shallow transect (7-m depth, 30-m length). Shoot density in
the disturbed bed in 2012 was <1 m–2.

phase) and between 2011 and 2012 (df = 1,
MS = 3867.271, P = 0.03). In 2012, shoot density along the fixed transect (52.3 m –2) was
significantly lower (df = 1, MS = 11213.33, P
< 0.0001) than within quadrats placed
within the meadow slightly downslope (90.9
m–2, n = 15).
Comparison of Shoot Density with
Santa Cruz Island Meadows
Shoot density displayed considerable variation between sites and between years (Fig. 5)

with no clear trend evident. Between the 4
meadows, shoot density ranged from a mean
high of 169 m–2 at Scorpion Anchorage in
2001 to a mean low of 39 m–2 at Frenchy’s
Cove in 2009. Among the 3 Santa Cruz Island
meadows, the highest densities were found at
Scorpion Anchorage and the lowest at Smugglers Cove. In 2009, density increased at Prisoners Harbor and Scorpion Anchorage and
decreased at Frenchy’s Cove. By 2012, density at Frenchy’s Cove had rebounded to
2008 levels.
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Fig. 5. Eelgrass (Zostera pacifica) mean shoot density from 2001 to 2012 at 4 sites: Anacapa Island transplant site
(Frenchy’s Cove), 2 donor beds (Smugglers Cove and Prisoners Harbor, Santa Cruz Island), and another natural bed
(Scorpion Anchorage, Santa Cruz Island). Counts were made in 0.25-m2 quadrats haphazardly placed within eelgrass
meadows or patches. The number of quadrats per site per year is represented within each bar. Sampling in 2001 was
before the transplant. Smugglers Cove was not sampled in 2009, and only Frenchy’s Cove was sampled in 2012. Error
bars are +
– 1 SE.

Meadow Expansion
The meadow surrounding the shallow transect expanded from 2006 to 2012 (Fig. 3).
Shallow meadow size increased steadily from
20 m2 in 2005 to a high of 428 m2 in 2011.
Loss of eelgrass along the 7-m transect (Fig. 4)
accompanied the overall decline in area by
2012. Although the inshore edge of the
meadow had shifted slightly downslope by
2012, eelgrass patches extended out through
an area approximately 60 m × 30 m (1800 m2)
and spanned depths from 8 m to 10 m. Over
the study period, individual shoots spread
into expanding patches, which grew past the
area that we were mapping along the fixed
shallow transect and eventually coalesced
into an overall meadow at Frenchy’s Cove of
8700 m2 (0.87 ha) in 2009, retracting slightly
to 6200 m2 (0.62 ha) in 2012.
Spread of Eelgrass along Anacapa Island
Two years after the 2002 transplant, scattered
shoots of eelgrass were found approximately
300 m across the cove and up to 1000 m east
of the original transplant site (Fig. 6, Table 1).
Little expansion of eelgrass was observed east
along Middle Anacapa Island in 2004 (~850 m
searched) or 2005 (~1000 m searched). By
2006, the shoots at both Frenchy’s Cove and
east of the cove formed large patches (>4 m2),
some of which contained flowering shoots, and
scattered shoots appeared along the 9-m depth
contour between the 2 areas. In 2007 at Middle Anacapa Island, approximately 20 shoots
were observed. By 2011, patches and scattered

individuals were observed 1.3 km and 2 km,
respectively, from the transplant site. In 2012,
there were additional patches 200 m to the
east, and scattered shoots were observed at
the west end of East Anacapa Island—a distance of 2.5 km from the transplant site. No eelgrass was observed during the dives furthest
east in Cathedral Cove in either 2007 or 2011.
Fish Diversity and Species Richness
Seventy-two individual roving diver fish
counts were performed between 1997 and 2012
within the meadow area, comprising 36 hours
of observations at Frenchy’s Cove. A total of
42 different species were observed during roving diver fish counts (Table 2). The average
number of fish species observed ranged from 5
to 14 (Fig. 7). Before the transplant, the average
number of fish species observed during the
survey ranged from 5 (2001) to 11 (1999). After
the transplant, average fish species increased
from 7 species (2003) to 14 (2011) and 11 (2012).
The 3 most commonly observed fish (average
abundance index) at Frenchy’s Cove before the
transplant were the blackeye goby (Rhinogobiops nicholsii), señorita (Oxyjulis californica),
and kelp bass (Paralabrax clathratus; Table 2).
Some species were observed on only one occasion: Pacific herring (Clupea pallasii) in 1999,
smallhead flyingfish (Cheilopogon pinnatibarbatus) in 2002, California lizardfish (Synodus
lucioceps) in 1998, barracuda (Sphyraena
argentea) in 2009, yellowtail (Seriola lalandi)
in 2009, and white seabass (Atractoscion
nobilis) in 2003. Other species were common
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Fig. 6. Geographic spread of eelgrass (Zostera pacifica) eastward across Anacapa Island, California. Data represent
diver observations from 1980 to 2012.

on adjacent sandy substrates yet were not
found in the meadow, such as sanddab
(Citharichthys stigmaeus) and C-O turbot
(Pleuronichthys coenosus) that occurred in
2001 and 2002 and then in 6 out of 10 years
after the transplant.
In addition to number of fishes, there was
a change in functional guilds (Fig. 8). Surfperches, including the black, pile, and shiner
surfperches (Embiotoca jacksoni, Rhacochilus

vacca, Hyperprosopon argenteum, respectively;
all common in eelgrass meadows at other locations), did not occur in surveys at Frenchy’s
Cove before the transplant but were commonly encountered afterwards. The herbivorous halfmoon (Medialuna californiensis) was
found in every survey from 2005 to 2012.
Opaleye (Girella nigricans), another herbivore, was more commonly encountered after
the transplant.

1997

2.67
2.90
2.67
0.00
0.00
0.87
0.00
1.00
0.00
1.00
0.83
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Fish species

Oxyjulis californica
Rhinogobiops nicholsii
Paralabrax clathratus
Embiotoca jacksoni
Rhacochilus vacca
Neoclinus blanchardi
Medialuna californiensis
Chaenopsis alepidota
Girella nigricans
Myliobatis californica
Semicossyphus pulcher
Chromis punctipinnis
Pleuronichthys coenosus
Heterostichus rostratus
Halichoeres semicinctus
Clupea pallasi
Leiocottus hirundo
Citharichthys stigmaeus
Atherinops affinis
Paralichthys californicus
Anisotremus davidsonii
Sardinops sagax
Trachurus symmetricus
Aulorhynchus flavidus
Rhacochilus toxotes
Brachyistius frenatus
Scorpaena guttata
Sphyraena argentea
Scorpaenichthys marmoratus
Pleuronichthys verticalis
Sebastes rastrelliger
Caulolatilus princeps
Seriola lalandi
Syngnathus sp.
Alloclinus holderi
Xystreurys liolepis
Synodus lucioceps
Heterodontus francisci
Cypselurus californicus
Squatina californica
Atractoscion nobilis
Gibbonsia elegans

0.00
3.00
1.00
0.00
0.00
1.30
0.00
2.23
0.00
0.75
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.63
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.40
0.23
0.00
0.00
0.00
0.00
0.00

1998
3.00
0.95
2.40
0.00
0.00
0.90
0.00
2.00
3.00
0.25
1.35
3.00
0.00
0.00
0.53
3.00
0.00
1.80
0.00
0.40
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1999
0.00
4.00
0.00
0.00
0.00
2.45
0.00
0.70
0.00
0.00
0.00
0.00
0.85
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.43
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2001
0.00
3.50
0.00
0.00
0.00
1.67
0.00
0.73
0.00
0.08
0.00
0.00
0.57
0.00
0.00
0.00
0.00
0.00
0.00
0.33
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.70
0.00
0.00
0.00
0.47
0.00
0.00
0.00
0.00
0.15
0.00
0.00
0.00

2002
1.12
4.00
0.94
0.00
0.24
1.60
0.00
0.12
0.00
0.52
0.00
0.00
0.34
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.44
0.00
1.10
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.12
0.00

2003
1.20
3.00
1.20
0.00
0.00
1.15
0.00
0.00
0.00
0.30
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2004
3.25
2.00
2.00
0.75
2.55
0.68
1.43
0.58
0.00
0.00
0.00
0.00
0.00
0.23
0.25
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.53
0.00
0.00
0.15
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2005
3.00
0.00
3.00
3.00
0.00
0.00
3.00
0.00
0.00
1.80
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.60
2.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2006
1.98
2.51
1.79
0.27
0.32
0.71
0.45
2.14
0.00
1.07
0.28
0.00
0.13
0.12
0.08
0.00
0.00
0.00
0.50
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.06
0.00
0.00
0.54
0.00
0.00
0.00
0.00
0.00
0.13
0.00
0.00
0.00
0.06

2007
3.00
0.00
3.00
3.00
1.60
0.00
1.60
0.00
1.60
1.00
0.00
2.10
0.00
1.80
0.90
0.00
1.00
0.00
1.80
0.00
0.00
0.00
1.20
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2008
3.00
0.00
3.00
1.00
1.00
0.00
3.00
0.00
0.00
1.00
0.00
0.00
0.80
1.00
0.00
0.00
0.90
0.00
0.00
0.00
0.00
2.00
0.00
0.00
0.00
0.00
0.80
1.00
0.00
0.00
0.00
0.00
0.50
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2009
3.00
1.55
2.78
2.78
1.10
0.95
0.50
0.00
0.50
0.23
0.51
0.00
0.28
0.00
0.53
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.25
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2010
3.40
0.58
3.00
3.00
2.94
0.00
1.02
0.00
2.70
0.00
1.12
0.00
0.90
0.00
0.54
0.00
0.56
0.00
0.00
0.38
0.00
0.00
0.00
0.00
0.88
0.00
0.20
0.00
0.80
0.00
0.32
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2011
3.06
1.99
3.08
2.93
3.21
0.42
0.93
0.00
1.49
0.19
1.08
0.00
0.22
0.91
0.26
0.00
0.13
0.00
0.00
0.41
0.00
0.00
0.00
0.00
0.14
0.00
0.00
0.00
0.04
0.00
0.31
0.08
0.00
0.00
0.00
0.00
0.00
0.06
0.00
0.14
0.00
0.00

2012

2.11
2.00
1.99
1.12
0.86
0.85
0.80
0.63
0.62
0.55
0.34
0.34
0.27
0.27
0.20
0.20
0.17
0.16
0.15
0.14
0.13
0.13
0.12
0.10
0.08
0.08
0.07
0.07
0.06
0.05
0.04
0.04
0.03
0.03
0.03
0.03
0.02
0.01
0.01
0.01
0.01
0.00

Average

TABLE 2. Fish mean yearly abundance index from 1997 to 2012 from roving diver surveys at Frenchy’s Cove, Anacapa Island, California. Species are presented by index rank.
Surveys were combined for shallow (7-m) and deep (10-m) areas. Index rank describes the relative abundance seen for each species, using the following codes: 0 = absent, 1 = single,
2 = few (2–10), 3 = common (11–100), 4 = abundant (>100). Years after eelgrass (Zostera pacifica) transplant are indicated in bold.
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FishMean
Species
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# Fish Species
per 30-min Survey
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14
12
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10
8
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Year

Fish Average Abundance Index

Fig. 7. Mean fish species richness at Frenchy’s Cove, Anacapa Island, California, from 1997 to 2012, as estimated from
roving diver fish counts. Data are for adults only. Error bars are +
– 1 SD; values with no error bars either are all the same
(1997) or indicate only a single count (2008, 2009).

Year

Fig. 8. Relative abundance of 3 fish species, representing different fish guilds, from 1997 to 2012 at Frenchy’s Cove,
Anacapa Island, California. The eelgrass (Zostera pacifica) transplant occurred in 2002. Data shown are calculated from
roving diver fish counts. The average abundance index = (time interval code/10) * abundance code. The 3 fish species
are black surfperch (Embiotoca jacksoni), pile perch (Rhacochilus vacca), and halfmoon (Medialuna californiensis).

To compare fishes found in eelgrass habitat
with those found over sandy substrates, we
performed roving diver surveys on 2 adjacent
days in July 2011 over the eelgrass meadow at
Frenchy’s Cove and at Cathedral Cove, where

scattered patches had existed until the late 1990s
but are no longer present. Out of 22 species
overall, 17 were observed at Frenchy’s Cove
(eelgrass) and 10 were observed at Cathedral
(sand; Fig. 9). In order of abundance, 5 species
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Eelgrass Habitat

Fish Average Abundance Index

Sand Habitat

Fish Species
Fig. 9. Fish species in eelgrass (Zostera pacifica) at Frenchy’s Cove and sand habitats at Cathedral Cove (both on
Anacapa Island, California). Data represent roving diver fish counts on consecutive days in July 2011. The average
abundance index = (time interval code/10) * abundance code. Species abbreviations from left to right: Oxyjulis californica,
Embiotoca jacksoni, Paralabrax clathratus, Rhacochilus vacca, Girella nigricans, Semicossyphus pulcher, Medialuna californiensis, Pleuronichthys coenosus, Rhacochilus toxotes, Scorpaenichthys marmoratus, Heterostichus rostratus, Rhinogobiops nicholsi, Leiocottus hirundo, Halichoeres semicinctus, Paralichthys californicus, Sebastes rastrelliger, Scorpaena
guttata, Citharichthys stigmaeus, Myliobatis californica, Caulolatilus princeps, Neoclinus blanchardi, Stereolepis gigas.

4.5

Density
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Year
Fig. 10. White sea urchin (Lytechinus anamesus) density along permanent shallow transect (7-m depth, 30-m length),
Frenchy’s Cove, Anacapa Island, California. Quadrats were placed every other meter. Error bars are +
– 1 SE.

were only found on sand (sand dab, bat ray
[Myliobatis californica], ocean whitefish [Caulolatilus princeps], giant seabass [Stereolepis gigas],
and spotted kelpfish [Gibbonsia elegans]), 12 only
found over eelgrass (black surfperch, pile perch,
opaleye, halfmoon, rubberlip perch [Rhacochilus
toxotes], cabezon [Scorpaenichthys marmoratus],

giant kelpfish [Heterostichus rostratus], lavender
sculpin [Leiocottus hirundo], rock wrasse [Halichoeres semicinctus], grass rockfish [Sebastes
rastrelliger], scorpionfish [Scorpaena guttata])
and 5 at both sites (senorita, kelpbass, sheephead [Semicossyphus pulcher], C-O turbot,
and halibut [Paralichthys californicus]).
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Urchin Density

White urchin density gradually increased
along the shallow transect, from 0 m–2 in 2005,
peaking at 3 m–2 in 2010, and declining to 1.3
m–2 in 2012 (Fig. 10). Distribution of white
urchin throughout the meadow was patchy, as
evident by the large error bars. In most years,
fewer than 100 urchins were found site-wide.
DISCUSSION
We initiated a restoration of eelgrass, Zostera
pacifica, in response to local extinction of a
small meadow at Frenchy’s Cove, Anacapa
Island, in 1991. The transplant was successful,
with shoots presently ranging from 7- to 10-m
depth along >60 m of shoreline; but the goals
of our transplant effort differed from those
required by the Eelgrass Mitigation Policy
benchmarks. The California Eelgrass Mitigation
Policy requires that (1) “restored habitat will
develop . . . such that within 36 months following planting, it meets or exceeds the full
coverage and not less than 85% of the density
relative to the initial condition of affected
eelgrass habitat” and (2) “restored habitat is
expected to sustain this condition through at
least 60 months following initial planting.” At
3 years posttransplant, individual patches started
to coalesce into a measurable meadow, and
density was half that found at donor meadows
(Fig. 3). By these benchmarks, therefore, the
transplant effort was not successful. However,
after 5 years, the meadow greatly increased
both in shoot density and spatial expansion,
which would have been unrecorded if monitoring had ceased at the 60-month benchmark
of mitigation projects. By way of comparison,
87% of 43 eelgrass restoration projects from
1989 to 2009 in southern California have been
successful or satisfied permit conditions but
did not necessarily reach a full recovery at the
time of evaluation (National Marine Fisheries
Service 2011). It is important to note that the
Eelgrass Mitigation Policy was written specifically for Z. marina found in shallow embayments such as San Francisco and San Diego
bays and not for the open-coast species Z.
pacifica, and there may be species-specific
ecological differences.
Eastward Spread
By 1992, eelgrass was extinct on Anacapa
Island and the nearest meadow was on Santa
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Cruz Island, a distance of >12 km and across
a deep and exposed channel with strong tidal
currents. However, in 2004, new shoots appeared 300 m across the cove and eastward
from our transplant at Frenchy’s Cove. There
are only 2 possible mechanisms for this reappearance: reattachment of dislodged/broken
ramets or seed dispersal from upcurrent meadows, either from our transplant or Santa Cruz
Island. Free-floating fragments of Z. marina
can remain viable for at least 1 month (Biber
2006), and seagrass fragments have been
shown to survive and regenerate after dislodgement (Balestri et al. 2011). A high degree
of genotype sharing in geographically separated Z. marina meadows along Santa Catalina
Island was due to reattachment of dislodged
rhizomes (Coyer et al. 2008), demonstrating
that vegetative fragments are redistributed
and can colonize new areas. While some of the
>90% loss of transplanted shoots occurring
within the first 6 months at Anacapa Island
were attributed to grazing, some shoots likely
were dislodged by foraging bat rays and may
have colonized new areas. Mean current flow
along Anacapa Island is 1 cm ⋅ s–1 toward the
east-southeast (Partnership for Interdisciplinary Studies of Coastal Oceans, unpublished
data).
The 11 scattered small patches (<1 m2) of
Z. pacifica found approximately 300 m from
the transplant site in 2004 suggested a recent
introduction (<2 years), as they were similar
in size (1–13 shoots per patch) and width
(8–12 mm; ~3 mm were considered seedlings)
to the small patches that were expanding from
single shoots at the transplant site. Estimates
of annual rhizome elongation rates for Z.
marina range from 22 to 31 cm ⋅ year–1 (Marbà
and Duarte 1998), and if equivalent for Z.
pacifica, these rates support the transplanted
shoots as the source population. Furthermore,
a single adult shoot near the shallow transect
expanded to 11 shoots in 12 weeks and to a
patch (~1 m2) of 45 shoots in 1.5 years (Altstatt unpublished data). Based on this observation, it is likely that the small patches encountered east of Frenchy’s Cove were of similar
age or younger (<2 years old) and thus did not
precede the transplant experiment.
It is possible that reproductive seed-bearing material rafted to Anacapa Island independently of, but concurrently with our transplant
program. Coastal bays in Virginia lost eelgrass
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in the 1930s due to wasting disease and had
not recovered after nearly 70 years (Orth et al.
2012), with the closest seed source 50 km distant. Although other species of seagrasses
have seeds that float on the surface and may
travel long distances (~55 km) before sinking
(Ruiz-Montoya et al. 2012), eelgrass seeds are
negatively buoyant. The seed-bearing spathes,
however, frequently raft with other floating
vegetative material and can colonize distant
areas, as discussed by Kendrick et al (2012).
For example, rafting material of Z. marina
with viable seeds has been found up to 34 km
from the nearest source (Harwell and Orth
2002), and spathes were observed to float for
at least 26 days (Kallstrom et al. 2008). Genetic
assignment tests of Z. marina revealed that
gene flow (and seed dispersal) via rafting shoots
occurred up to 54 km (Reusch 2002). Depending on surface currents, seed-bearing spathes
of Z. marina may be transported up to 150 km,
but most were retained within a few kilometers of the starting point, with approximately
50% within 500 m (Kallstrom et al. 2008).
The predominant near-surface current pattern within the southern Santa Barbara Channel is from west to east (Winant et al. 2003), as
is the predominant wind and swell direction.
Three source populations of Z. pacifica
(Smugglers Cove, Scorpion Anchorage, and
Prisoners Harbor) lie to the west of Anacapa
Island. In order to reach the north side of
Anacapa Island, however, drift material from
these meadows must cross strong tidal currents perpendicular to and between Santa
Cruz and Anacapa Islands. A recent genetic
study indicated potential seed dispersal
between Santa Catalina and San Clemente
islands—islands that are separated by 63 km
and a deep channel similar to that between
Santa Cruz and Anacapa islands (Coyer et al.
2008). Consequently, rafting from Santa Cruz
Island to Anacapa Island cannot be categorically dismissed.
Although we did not observe any seedlings
outside the transplanting area across the cove
and east of Frenchy’s Cove in 2003 and 2004,
we found a small number of seedlings at the
transplant site during those years (Altstatt
unpublished data). Some of the transplanted
shoots (<5%) were reproductive at the time of
harvest and were likely the source, as the seedlings were only in the immediate area of the
transplant and horizontal dispersal of seagrass
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seeds is usually <1 m (Koch et al. 2010). Eelgrass seeds that become buried in sediment
may persist and remain viable for at least 3
years, thus providing a seed source (Lee et al.
2007) and a new source of genetic diversity
(Zipperle et al. 2009). Orth et al. (2012) successfully reestablished eelgrass meadows in 4
Virginia coastal bays following widespread distribution of more than 38 million seeds and
suggest that seed availability was the limiting
factor for 7 decades. The existence of a >10year Z. pacifica seed bank at Anacapa Island,
however, is unlikely; thus the observed
seedlings in 2003 and 2004 undoubtedly
derived from transplanted shoots that became
reproductive.
Even though Frenchy’s Cove is the most
sheltered spot along the north side of Anacapa
Island, it can be affected by long-period, highenergy northwest ground swell from the
North Pacific Ocean. An unusually large winter swell (4-m, 15-s period) occurred in April
2012 (National Data Buoy Center website).
Large ground swells may increase localized
currents (Schwartz 2006), which could change
sediment transport and either bury or uproot
seedlings and plants (Marion and Orth 2012).
Oscillatory flows from a long-period swell may
prevent blades from shielding the sediment,
as is the case in laminar (current) flow
regimes, and instead increase turbulence and
scour of sediments (Lawson et al. 2012).
Indeed, it has been suggested that long-period
wave energy may not be attenuated by eelgrass meadows (Hansen and Reidenbach 2012).
We observed thinning throughout the shallowest edge of the meadow in 2012; scattered
seedlings throughout this area indicated recolonization from recently dispersed seeds or
germination from a buried seed bank. Wave
action may affect the shallow edge of the historic
bed (location of the 7-m-depth fixed transect)
to a greater degree than the rest of the meadow
further downslope.
Transplant versus Natural Meadows
Comparing shoot density in planted eelgrass plots relative to natural meadows can
show resilience to or effects of changing environmental conditions (Thom et al. 2012).
Meadows at Santa Cruz Island showed some
variable temporal and spatial patterns, but shoot
densities remained similar to those of 1994–
1997: 116–140 m–2 at Scorpion to 36–76 m–2
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at Smugglers Cove (Engle et al. 1998). High
variation at Scorpion Anchorage was likely
due to a period of rapid recovery after damaging floods carrying sediment buried the bed in
1998 and due to periodic disturbance from
mooring chains. There is no historic density
information for Frenchy’s Cove. By 2008,
shoot density at Frenchy’s Cove had met or
exceeded densities found at Smugglers Cove
and Prisoners Harbor, the 2 donor sites.
White Urchins
Urchin grazing can dramatically alter seagrass habitat structure for years by continually
removing shoots and eventually exhausting
rhizome nutrient stores (Heck and Valentine
1995). The recruitment pulse of white urchins
at Anacapa Island after the 1983 El Niño
resulted in island-wide densities of >40 m–2
from 1986 to 1988 (Richards et al. 1997, Carroll et al. 2000) and 60 m–2 at Frenchy’s Cove
in 1992 (Engle unpublished data). This intense
grazing pressure was apparently enough to
remove eelgrass shoots and buried rhizomes.
Urchin grazing is an important feature of
seagrass biology. For example, based on feeding rates of L. variegates, densities greater
than 42 m–2 exceed the production capacity of
Thalassia testudinum and lead to overgrazing
(Greenway 1976). Lytechinus grazing fronts
with densities of up to 636 m–2 denuded 20%
of a large Florida seagrass meadow (Camp et
al. 1973), and a front with a density of 167 m–2
overgrazed to 0.81 km2 in 9 months (Rose et
al. 1999). Urchin herbivory at densities of
10–30 m–2 largely exceeded seagrass production in a coastal Mediterranean lagoon (Fernandez et al. 2012); but once the front diminished,
recovery of eelgrass was rapid, within 10
months. At Frenchy’s Cove, white urchin density in 2012 was an order of magnitude lower
than in 1992. Consequently, it does not appear
that urchin grazing influenced density and
meadow size during the study period.
Fish Surveys
The number of fish species present and
overall fish abundance at Frenchy’s Cove were
positively associated with the expansion of the
meadow. On the simplest level, eelgrass provides 3-D structure in which fishes associate
or hide (Jackson et al. 2001), and losses in eelgrass habitat may result in a shift in fish
assemblages (Pihl et al. 2006). Additionally,
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greater shoot density may lead to higher levels
of epiphytes and epifauna, which in turn
increase trophic subsidies (Heck et al. 2008).
Higher shoot density (structural complexity)
may be important for ambush predators such
as giant kelpfish (Heterostichus rostratus; Tait
and Hovel 2012), a species that increased at
Frenchy’s Cove as the eelgrass expanded.
Additionally, several of the species that showed
the greatest increase were benthic microcarnivores (black and pile perch) or herbivores
(halfmoon; Horn and Ferry-Graham 2006) that
would benefit from the rise in local productivity from eelgrass. One species that decreased
over time was the orangethroat pikeblenny
(Chaenopsis alepidota). The worm tubes that
provide shelter for this fish declined after
2007 as eelgrass expanded. Frenchy’s Cove
is the northern reported edge of the pikeblenny’s geographical range, so factors other
than eelgrass may be at play.
CONCLUSIONS
Meadows of Z. pacifica nearly a hectare in
size are now present at Frenchy’s Cove at
Anacapa Island. The eelgrass meadows found
along the north side of Anacapa Island originated from an initial transplant site established 0.3 to 3 km distant in 2002. Expansion
of the meadow was due to reattachment of
uprooted plants and/or reproductive material
drifting from the initial transplant site. Additionally, the biotic assemblage associated with
these meadows increased in abundance and
diversity. Our study supports McGlathery et
al. (2012), who stated that at least a decade is
required for eelgrass meadow ecosystem services to be fully restored. We expect to see further
expansion of patches and meadows along
Anacapa Island. These meadows will provide
an increasing level of structural and functional
ecological attributes and serve as an example
for future restoration efforts around the Channel Islands and elsewhere.
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ARGENTINE ANT MANAGEMENT IN CONSERVATION
AREAS: RESULTS OF A PILOT STUDY
Christina L. Boser1, Cause Hanna2, Kathryn R. Faulkner3,
Coleen Cory1, John M. Randall1, and Scott A. Morrison4
ABSTRACT.—Argentine ants (Linepithema humile) have invaded many areas of conservation concern, including half of the
California Channel Islands. On Santa Cruz Island, the species has invaded approximately 2% of the island, and the infestations are expanding. Argentine ants displace many other invertebrates, and their expansion throughout the island could lead
to the extirpation of native invertebrate species and the disruption of key ecological processes (e.g., plant-pollinator interactions and seed dispersal). We describe a treatment protocol to manage or eliminate Argentine ants on Santa Cruz Island
developed by The Nature Conservancy and the National Park Service, in collaboration with academic and pest control
specialists. We combined low-concentration toxicant baits with efficient dispersal methods to treat landscape-scale Argentine ant infestations in rugged terrain and dense vegetation with minimal impact to nontarget species. From May to October
2012, we applied our baiting protocol within 2 study sites, totaling 7.8 ha on Santa Cruz Island. In May 2013, one year post
treatment, we observed >99% reduction in Argentine ant activity in treatment plots compared to untreated plots, using
2 different monitoring techniques. While further testing and monitoring is needed, these results suggest this protocol may
be an effective tool to eliminate Argentine ant infestations from this type of habitat and terrain.
RESUMEN.—Las hormigas argentinas (Linepithema humile) han invadido muchas áreas de interés para la conservación, incluyendo la mitad de las Islas del Canal de California. En la Isla Santa Cruz, la especie han invadido aproximadamente un 2% de la isla y la infestación se está expandiendo. Las hormigas argentinas desplazan a muchos otros
invertebrados, y su expansión por toda la isla podría llevar a la eliminación de especies invertebradas nativas y a la interrupción de procesos ecológicos clave (es decir, interacciones planta-polinizador, dispersión de semillas). Describimos un
protocolo de tratamiento para eliminar a las hormigas argentinas de la Isla Santa Cruz desarrollado por The Nature Conservancy y el servicio del Parque Nacional, en colaboración con académicos y especialistas en control de plagas. Combinamos cebos de baja concentración tóxica con métodos de dispersión eficaces para tratar a las plagas de hormiga
argentina a escala de paisaje en terrenos escabrosos y vegetación densa con un impacto mínimo en las especies que no
estamos intentando eliminar. Desde mayo hasta octubre del 2012, aplicamos nuestro protocolo de cebos dentro de dos
lugares de estudio, ocupando un total de 7.8 ha en la Isla Santa Cruz. En mayo de 2013, un año posterior al tratamiento,
observamos la reducción >99% de la actividad de la hormiga argentina en los terrenos de tratamiento en comparación
con los terrenos sin tratar, usando dos técnicas de monitoreo diferentes. Aún cuando necesitamos más pruebas y monitoreo, estos resultados sugieren que este protocolo puede ser una herramienta efectiva para eliminar las plagas de
hormigas argentinas en este tipo de hábitat y terreno.

Argentine ants (Linepithema humile) were
introduced to California in 1907 and now
occupy vast stretches of land along the coast
from northern Baja California, Mexico, to the
San Francisco Bay area and inland to the Central Valley of California (Suarez et al. 2001).
Argentine ants occur on half of California’s
Channel Islands: Santa Cruz, San Nicolas,
Santa Catalina, and San Clemente islands.
These islands are recognized for their conservation value, and consequently, the presence
of invasive and ecologically harmful Argentine
ants is of great management concern. Here,
we discuss our efforts to develop methods to

eradicate Argentine ants from these conservation areas.
Argentine ants are invasive in agricultural
lands, residential areas, and natural habitats
where they dominate the native invertebrate
fauna and significantly reduce or eliminate
native ant populations. The suppression and
loss of native ants can have direct and indirect
impacts on other invertebrates, plants, and
some vertebrates (Ward 1987, Holway et. al.
2002, Suarez and Case 2002, Krushelnycky and
Gillespie 2008). As Argentine ants eliminate
or compete with native invertebrates within
natural systems, plant-pollinator mutualisms

1The Nature Conservancy, 532 E. Main St., Suite 200, Ventura, CA 93001. E-mail: cboser@tnc.org
2California State University Channel Islands, 1 University Dr. Camarillo, CA 93012.
3National Park Service, Channel Islands National Park, 1901 Spinnaker Drive, Ventura, CA 93001.
4The Nature Conservancy, 201 Mission Street, 4th Floor, San Francisco, CA 94105.
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may be disrupted, affecting native plant fitness by reducing cross-pollination and seed
set. The ecological impacts of Argentine ants
is exacerbated when in their introduced range
genetically similar neighboring colonies show
little or no aggression between nests and form
huge supercolonies with significantly higher
population densities than would otherwise be
possible (Suarez et al. 1999).
Argentine ants may be especially destructive in conservation areas intended to protect
rare or endangered species and natural ecosystem function. These ants have established in
many Mediterranean-type climates around the
world: areas which are considered biodiversity
hotspots and have disproportionally more to
lose to Argentine ant invasions. For example, on
Santa Cruz Island, California, native ant diversity has declined from an average of 8 species
to only 1.5 species in Argentine ant–invaded
areas compared with no decline in uninvaded
paired sites (Holway and Hanna 2011). Additionally, Argentine ants on Santa Cruz Island
reduce pollination of a native plant by aggressively interfering with visitation of native pollinators and failing to effectively pollinate the
plant themselves (Hanna et al. 2015).
Land managers and pest control agencies
have attempted to control or eradicate Argentine ant populations in a number of ecologically significant locations around the world
including Hawaii (Krushelnycky et al. 2005,
2011), California (Choe et al. 2010), Australia
(Hoffmann et al. 2012), and New Zealand (C.
Green, NZ Department of Conservation, personal communication). Eradication of large infestations of Argentine ants has proven to be
difficult, in part due to their flexible social
structure. Colonies consist of multiple queens
but can survive if a single queen and a few
workers remain (Hee et al. 2000, Tsutsui and
Suarez 2003). Reproductive queens are rarely
above ground but are fed by worker ants
(Markin 1970). Thus, the best method of accessing queens with a toxicant is by distributing it
throughout the infested area in bait that is
attractive but not immediately lethal to workers.
Developing an eradication protocol for conservation areas is challenging because much of
what is known about Argentine ant foraging
comes from work in urban and agricultural
areas where Argentine ant behavior and resource availability may differ in important
ways from wildland settings (Holway and Case
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2000). In urban areas, food resources are typically consistently placed and plentiful. Ants
establish trails directly to resources and therefore may only encounter bait if it is placed
directly on those foraging trails. In wildland
areas, resources are often scarce, ephemeral,
and patchily distributed. With the exception of
some very high-quality natural habitats, ants
may employ random-walk foraging to increase
the likelihood of encountering food sources
(Turchin 1998). In contrast to control protocols
in urban environments which usually target
ant trails in natural areas, scattered bait may
be more successful in wildland areas.
We sought to create an Argentine ant eradication protocol for conservation areas that
encompassed 3 key elements: a toxicant, an
attractant, and a bait deployment method, all
designed to target ant queens. In collaboration
with M. Rust (2010), we researched the efficacy of low-concentration toxicants which must
be metabolized prior to affecting the organism,
allowing time for the worker to feed queens
through trophallaxis. We hypothesized that the
attractant in the bait must be highly appealing
to induce a switch in feeding from natural
resources to newly introduced bait. Field testing informed by a literature search revealed
that Argentine ants are most attracted to sugar
water, tuna, and sugared eggs (Baker et al. 1985,
Davis et al. 1993, Hanna and Boser 2012).
Additionally, Argentine ants can more easily
handle liquid baits (Silverman and Roulston
2001). Thus, we only considered attractants
with gel or liquid consistency. Lastly, we
needed to distribute the bait so that it would
be accessible to all nests within an infestation
area, which means deploying bait at least
every 4 m2 (C. Green personal communication). Commercially manufactured baits and
existing distribution methods do not meet our
desired specifications. Therefore, we created a
novel bait: a low-concentration liquid toxicant
with a liquid sucrose attractant. We deployed
that bait in polyacrylamide pieces, which absorb water and water-soluble chemicals such
as toxicants and sugar. The small hydrated
polyacrylamide pieces can be easily distributed
with consistent coverage.
In May–October 2012, The Nature Conservancy (TNC) and the National Park Service
(NPS) tested our new protocol on 2 of the infested areas on Santa Cruz Island. The objective of these trials was to test efficacy and
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feasibility of the protocol on landscape-scale
infestations in common vegetation types of the
California Channel Islands (e.g., oak woodland
and coastal sage scrub). Specifically, we addressed the following questions: Does the protocol significantly reduce or eliminate Argentine ant activity? How long do Argentine ants
feed on polyacrylamide baits? Is there evidence
that the protocol may substantially reduce the
abundance or activity of nontarget ant species
and other invertebrates? Does Argentine ant
bait-attractant preference change seasonally?
METHODS
Study Site
Santa Cruz Island is a 250-km2 ecological
preserve located off the coast of southern
California approximately 40 km from Santa
Barbara. Three quarters of the island is owned
by The Nature Conservancy (TNC) and the
remainder is owned by the National Park Service (NPS). The island experiences a Mediterranean-type climate of mild, wet winters and
warm, dry summers. Island vegetation is predominately coastal sage scrub (~43%), chaparral (~21%), and annual grasslands (~20%)
intermixed with areas of oak woodland, pine
forest, and riparian corridors. Average yearly
precipitation in the island’s central valley between 1992 and 2012 was 42 cm. The average
daily high and low air temperatures between
May and October in 2012 were 25.8 °C and
13.1 °C, respectively. Between May 2011 and
April 2012 the central valley received 57 cm
of precipitation, and between May 2012 and
April 2013 it received 24 cm.
Argentine ants were first recorded in 1996
in 2 areas previously occupied by a contractor
of the U.S. Navy. The infestations were delimited in 1999 and in 2010; and based on the
estimated rate of spread (10–40 m per year) in
that interval, Argentine ants could have arrived as early as the 1960s (Boser 2011, unpublished report). By 2009, four Argentine ant
infestations were observed.
In 2012, experiments were conducted at
3 of the 4 Argentine ant infestation sites
(Fig. 1): the Field Station (25 ha), Navy Blue
site (16 ha), and Valley Anchorage (364 ha).
The Field Station infestation is located around
the University of California, Santa Barbara
field station in the island’s central valley and
straddles the main drainage on the island. The
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site is owned by TNC. The waterway in this
area is dry 9–12 months out of the year and is
mostly open, with occasional clumps of mulefat (Baccharis salicifolia) along with alluvial
fan scrub vegetation. The banks of the waterway host stands of mature coastal live oak
(Quercus agrifolia), island scrub oak (Quercus
pacifica), and associated coastal sage scrub
vegetation, some annual grasslands, and an
allee of Eucalyptus globulus along the main
access road. The Navy Blue site, an abandoned
navy antenna site owned by NPS, lies in a
transition zone between scrub oak–dominated
vegetation and coastal sage scrub and coastal
bluff vegetation. There are also sections of
rocky outcrops and cliffs with sparse plant
cover. The infestation is divided between relatively flat areas to the north and very steep
cliffs on the southern edge of the site. The Valley Anchorage infestation is the largest and
encompasses coastal bluffs, hills, and canyons
on the south side of the island. The infestation
occurs on properties owned by TNC and NPS.
South-facing hills are covered with coastal
sage scrub and coastal bluff vegetation. Northfacing slopes are covered with chaparral
shrubs. Canyons and drainages contain oaks
and mule-fat/willow alliances.
Argentine ants represent an island-wide
threat to the biodiversity and conservation
values of Santa Cruz Island. The 33 species of
native ants on the island, as well as some plant
and animal communities, may be adversely
affected by Argentine ants (Hanna et al. 2015).
Native plant communities are stressed after
nearly 150 years of grazing by introduced
(now eradicated) ungulates and the introduction of over 170 weed species (Junak et al.
1995, Morrison 2007). Argentine ants likely
add further stress to this ecosystem. For this
reason, TNC and NPS have made eradication
of Argentine ants a management priority.
Experimental Treatment and
Control Monitoring Grids
We delineated a 4-ha treatment site at the
Field Station, mirrored by an equivalent, untreated control area (Fig. 2). The treatment
area was adjacent to the infested but untreated
control area on a single side (~150 m in length),
and the remaining sides of the treatment area
contained low density or sparse Argentine ant
nests. We conducted monitoring at 63 stations
on a 20 × 40-m grid in the treatment area
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Fig. 1. Argentine ant infestations delimited on Santa Cruz Island, California, 2013.

Fig. 2. Field Station infestation treatment and monitoring design on Santa Cruz Island, California.
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and at 63 similar stations in the control site.
The monitoring grid extended 20 m outside the
edge of the treatment plot into uninvaded habitat, to account for errors in the delineation of
the infestation boundary.
At the Navy Blue site infestation, we treated
the north end of the infested area (approximately 3.8 ha). We established a 20 × 20-m
monitoring grid which buffered the treatment
area by 20 m, resulting in 131 monitoring stations. An untreated control plot was established within the Valley Anchorage infestation,
about 3.5 km from the treatment area. An
additional 131 monitoring stations were established in the untreated control site with a configuration like that of the Navy Blue site treatment plot.
Toxicant Bait Design
We deployed 2 toxicants in a 25% sucrose
attractant. One toxicant was Optigard Liquid
Flex (Syngenta Crop Protection LLC, EPA
Reg. No. 100-1306) packaged at a concentration of 21.6% thiamethoxam and diluted to 6
parts per million (ppm) thiamethoxam with
the 25% sucrose solution. We deployed this
bait at a rate of 15 L per acre (0.4 ha) in polyacrylamide Water Storing Crystals (MiracleGro). The small (~0.5-cm) polyacrylamide
crystals absorb water and water-soluble chemicals. When hydrated, the polyacrylamide presents a thin layer of liquid bait solution on its
surface for several hours until eventually drying out. They are designed as a soil amendment and can remain in the soil without any
anticipated negative effect to native ecosystems. We also deployed thiamethoxam at 6
ppm in the 25% sucrose solution in polyvinyl
chloride (PVC) bait stations. The PVC bait stations were made of 41-cm lengths of 3.8-cm
diameter PVC pipe capped at both ends with
4 small holes drilled into one end and a small
strip of spongy material in the tube cap to
make the bait more available to ants. We
deployed thiamethoxam on TNC land under a
Research Authorization from the California
Department of Pesticide Regulation No.
1204015 and on TNC and NPS lands under a
letter of exemption from the U.S. EPA. We
also used insect growth regulator S-Methoprene in the PVC bait stations according to
label specifications in 2 separate baiting events
in May and October. We diluted the product
Tango (Central Life Sciences; EPA Reg. No.
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2724–420) to 0.025% S-Methoprene in a 25%
sucrose solution.
Bait Application
We deployed PVC bait stations at the Field
Station site (n = 62) and the Navy Blue site (n
= 20). We placed the PVC bait stations at 15-m
intervals within areas of woody vegetation and
left them in the field for approximately 30
days. Each station was cleaned, refilled, and
relocated after each treatment to maximize
bait coverage in the treatment area over the
course of the summer. We filled the PVC bait
stations with S-Methoprene for 2 treatments
(May and October), and with thiamethoxam
for 4 treatments (June–September).
We deployed thiamethoxam in polyacrylamide monthly from June through September
for a total of 4 treatments. We carried the
polyacrylamide in 5-gallon buckets and placed
the bait in 15-mL piles using long-handled
scoops at 2-m intervals in a grid pattern
throughout the treatment areas. The piles
were designed to reduce dehydration of the
polyacrylamide and to give the ants more time
to feed.
L. humile Activity Indices
We used 2 methods to assess ant activity
within each site: nontoxic monitoring baits
and pitfall traps. We assumed these ant activity
measures were indices for ant abundance. We
conducted monitoring approximately every 4
weeks May–October 2012 (for 6 total monitoring periods) immediately prior to treatment
and again in May 2013.
NONTOXIC MONITORING BAITS.—In 6 monitoring rounds occurring approximately every
4 weeks (May 2012–October 2012), we placed 3
types of nontoxic attractants at monitoring
stations (as described above) approximately
24–48 h prior to each treatment. We conducted monitoring during the early morning
and late afternoon when temperatures were
usually 18–26 °C. The attractants included (1)
cotton balls soaked in 25% sucrose (carbohydrate), (2) natural peanut butter (protein), and
(3) Xstinguish gel bait matrix without toxicant
(Bait Technology, NZ) (carbohydrate and protein). We used peanut butter as protein bait
rather than the more attractive tuna fish due
to the large numbers of Vespula spp. that were
observed to quickly consume tuna. We placed
attractants in labeled 50-mL tubes. We randomly
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assigned each bait type to a fixed point 1 m
apart in a triangle centered on the grid point.
Approximately 1.5 h after deployment, we
collected and capped the tubes and estimated
the number of L. humile. In May 2013, we
placed cotton balls soaked in 25% sucrose at
all monitoring stations but did not deploy
peanut butter or Xstinguish.
PITFALL TRAPS.—We placed pitfall traps at
alternate monitoring stations (n = 31 at the
Field Station and n = 76 at the Navy Blue
site). We filled a 50-mL centrifuge tube with a
soapy water solution, deployed a tube at every
other monitoring station for 48 h during all
monitoring periods (May–October 2012, May
2013), collected the tubes after 48 h, and
counted and identified to species the ants in
each tube.
Bait Attraction and Nontarget
Species Monitoring
To determine how long L. humile fed on
the polyacrylamide piles and which nontarget
species might also consume the bait, we completed instantaneous counts of ants within 3
cm of each polyacrylamide pile placed at alternative monitoring stations (n = 31 at the Field
Station, n = 76 at the Navy Blue site). We performed these counts at 2, 4, 6, 8, 24, and 48 h
after deploying polyacrylamide piles. We identified to order and counted all insects at the bait.
Statistical Analyses
We analyzed variation in mean pre- and
posttreatment ant activity measures for both
the monitoring bait and pitfall indices with a
blocked repeated-measures general linear
model (GLM), using L. humile treatment as
the fixed factor (treatment versus control), site
as the blocking factor (Field Station and Navy
Blue site), and time as the repeated-measures
factor. To examine the variation in mean ant
activity at each individual monitoring round,
we performed separate Mann–Whitney U tests.
To buffer for possible effects of reinvasion of
treated areas from adjacent untreated areas,
we performed identical analyses excluding
measures taken within 20 m of the edges of
the treated areas.
We examined changes in Argentine ant visitation to monitoring stations over the course of
the efficacy trials by performing a one-way
ANOVA with the cumulative Argentine ant
instantaneous count data per monitoring point
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as the dependent factor and month as the
fixed factor. To examine changes in Argentine
ant visitation within the first 48 h of bait
deployment, we performed separate one-way
ANOVAs using the percent of Argentine ant
visits as the dependent variable and hour after
bait deployment (2, 4, 6, 8, 12, 24) as the fixed
factor for each monitoring month.
We calculated the change in the mean
Argentine ant activity after treatment at a grid
point relative to before treatment as follows:
% Pretreatment = [(mean activity posttreatment)/
(mean activity pretreatment)] × 100.

We calculated the difference of the Argentine
ant activity between the paired control and
treatment plots over time as follows:
Abundance Ratio % = [(% Pretreatment in treatment
plot)/(% Pretreatment in control plot) – 1] × 100.

When abundance ratio % = 0, there is no difference between control and treatment plots.
RESULTS
The protocol yielded an immediate and
sustained reduction in the Argentine ant activity within treatment plots as measured by ant
numbers at monitoring baits and in pitfall
traps. Changes in Argentine ant activity within
monitoring baits (Argentine ant treatment ×
time GLM: F5, 1360 = 38.05, P < 0.001) and
pitfall traps (Argentine ant treatment × time
GLM: F5, 655 = 21.91, P < 0.001) differed significantly among treatments through time
(May–October 2012) and among each discrete
monitoring period following the initial thiamethoxam bait deployment in June 2012
(Mann–Whitney U test: P < 0.001 in all cases;
Fig. 3). Approximately one year after we initiated
the protocol, the abundance of Argentine ants
was reduced in the treatment plots compared
to untreated plots by 99.996% (SE 0.004%)
within 25% sucrose monitoring baits and
99.896% (SE 0.052%) within pitfall traps (Fig.
3). We recorded 59 individual Argentine ants
at monitoring stations (25% sucrose and pitfall
traps) in the treatment plots in May 2013.
When we excluded monitoring stations that
could have experienced reinfestation from
untreated edges (defined as a 20-m interior
buffer around the perimeter of the treated
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(Log10 + 1 transformed)

Argentine ant abundance
(Log10 + 1 transformed)
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Fig. 3. Mean (+
– 1 SE) Argentine ant abundance (log10+1 transformed) within the 2 control (Ctrl) and treatment (Trt)
plots collected from (A) pitfall traps and (B) monitoring baits at the Field Station (FS) and Navy Blue site (NS), Santa
Cruz Island, California.

areas), we collected 1 ant at the treated Field
Station site and 4 ants in the treated Navy Blue
site, whereas approximately 216,700 Argentine
ants were collected in the untreated sites. An
average increase of 1301% (SE 716%) in the
number of ants collected with 25% sucrose
monitoring baits and 16,980% (SE 6673%)
with pitfall traps in the untreated plots in May
2013 compared to the same time in 2012 may
be the result of ants being attracted to the
monitoring stations due to extended drought.
We observed significantly different numbers
of Argentine ants visiting the polyacrylamide
piles between months (F3, 575 = 56.963, P <
0.001) and between hours after bait deployment within a given treatment (F5, 505 =

41.614, P < 0.001). More Argentine ants visited the polyacrylamide piles in June during
the first thiamethoxam treatment than in all
other monitoring months (P < 0.014 in all
cases; Fig. 4). The number of Argentine ants
visiting the polyacrylamide piles was higher
within 2 and 4 h of bait deployment than in all
other post–bait deployment monitoring rounds
(P > 0.001 in all cases; Fig. 5). In total, we
observed 66% (SE 5%) of all Argentine ant
visitations within 4 h of bait deployment.
Nonetheless, Argentine ants did visit the toxicant bait 24 and 48 h post–bait deployment.
We only observed arthropods visiting the
polyacrylamide piles during nontarget monitoring. In total, 94.1% of the individuals we
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% Argentine ants per polyacrylamide bait
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Field Station

Navy Blue Site

% Argentine ants observed

Fig. 4. Mean (+
– 1 SE) Argentine ant abundance per instantaneous bait count on polyacrylamide piles at the Field Station
and Navy Blue site, Santa Cruz Island, California. Bars representing each site (Field Station and Navy Blue site) with
different letters are significantly different (post hoc Tukey tests: P < 0.05).

Hours after bait deployment
Fig. 5. Mean (+
– 1 SE) percentage of the instantaneous count visitation over the first 48 h of toxic bait deployment at
the Field Station and Navy Blue site, Santa Cruz Island, California.

recorded during the 3267 instantaneous toxicant bait counts in June–September were ants.
The remaining 5.9% consisted mainly of isopods
and other abundant and nonsensitive arthropods. The percentages of the total visitors
varied among taxa (F12, 91 = 18.206, P < 0.01),

and L. humile was the most frequent visitor
(Fisher’s LSD: P < 0.01 in all cases). When
Argentine ants were present on the toxicant
bait, significantly fewer nontarget species visited
the bait compared with when Argentine ants
were absent (Wilcoxon’s signed rank test: Z =
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Fig. 6. Mean (+
– 1 SE) Argentine ant abundance for the 3 monitoring baits (i.e., peanut butter, sugar, Xstinguish) within
each monitoring month at the UC Field Station and Navy Blue site, Santa Cruz Island, California.

2.12, P = 0.012). Consequently, we hypothesized that the visitation rates of nontarget
species would increase with subsequent treatments as Argentine ants visitation rates decreased. However, visitation rates from nontarget species also decreased with each toxic bait
deployment (taxa × time ANOVA: F3, 8 = 1.185,
P = 0.29).
The most abundant nontarget group observed visiting the polyacrylamide piles were
native ants, and these were more abundant
on baits in areas where Argentine ants were
absent. Native ants were significantly more
abundant in pitfall traps on the edges of the
treated areas compared with the interior sections (Mann–Whitney U test: U = 626.5, P =
0.005). In total, 82.0% (SE 3.6%) of the native
ants collected in pitfall traps occurred along
the edges of treated areas where Argentine
ants were largely absent. When we excluded
the data from monitoring stations where L.
humile were never observed (mostly stations
outside of the treated areas), Argentine ants
represented 79.0% and 3 native ant species represented 18.9% of all visitors (Fig. 6b).
Numbers of Argentine ants collected in
monitoring tubes May 2012–October 2012
differed significantly among nontoxic bait
types (i.e., sucrose, peanut butter, Xstinguish)
through time (monitoring baits × time GLM:
F10, 1000 = 10.968, P < 0.001; Fig. 6). The
attraction of the monitoring baits differed

significantly during every monitoring round
(two-way ANOVA: P < 0.002 in all cases).
Sucrose and Xstinguish were significantly more
attractive than peanut butter during all monitoring rounds (paired t test: P < 0.02 in all
cases). Sucrose was significantly more attractive than Xstinguish bait in May (t124 = 2.767,
P = 0.007) and June (t259 = 3.097, P = 0.007);
but Xstinguish bait was significantly more
attractive than sucrose in July (t213 = –5.888,
P < 0.001), August (t193 = –9.807, P < 0.001),
and September (t188 = –2.743, P = 0.02).
There was no significant difference between
the numbers of ants attracted to sucrose and
Xstinguish monitoring baits in October 2012
(t182 = 1.492, P = 0.412).
DISCUSSION
Our protocol—a combination of the baited
polyacrylamide, PVC-pipe bait stations, 6-ppm
thiamethoxam, 0.025% S-methoprene, and the
attractant 25% sucrose solution—reduced L.
humile activity in both high- and low-abundance infestations. The initial reduction in ant
activity observed in the treated areas after the
first treatment (78%) was similar to reported
results using other bait and attractants (Krushelnycky et al. 2011). Subsequent bait deployments further reduced ant activity, indicating
that the treatment affected smaller nests with
fewer workers. Searches of randomly selected
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areas within the treatment plots in October
2012 and May 2013 revealed Argentine ants in
only one area in the Field Station site, confirming the results observed in bait station and
pitfall trap monitoring. We recorded similar
reductions in ant activity measures (monitoring
stations and pitfall traps) at the Field Station
and the Navy Blue sites over the course of the
treatments, despite differences in vegetation and
initial ant activity results. These data present a
strong case for the utility of this protocol as an
eradication tool, indicating that it can both
reduce ant activity in highly infested areas and
affect small or dispersed nests in coastal sage
scrub and scrub oak–chaparral habitats.
Posttreatment field observations indicated
that ants continued to feed on the 25% sucrose
monitoring baits throughout the treatment trial
(June–October) with no evidence of a “bait
shyness” response, described by pest control
professionals as an aversion to the bait for
several weeks or months following treatment
(V. Van Dyke, Bait Technology Ltd, personal
communication). Although we observed fewer
ants on polyacrylamide piles in later monitoring periods, the decline in recorded observations was consistent with the multiple activity
indices, suggesting this may have been a result of reduced ant numbers. If ants display
consistent bait uptake, frequent bait deployments may be used to increase the likelihood
that the bait will be consumed by every queen.
In addition to systematically sampling the
treated and control areas for ant activity using
monitoring baits and pitfall traps, we manually
searched for ants during all monitoring periods.
Dry, sparsely vegetated areas were the first
areas where we recorded no L. humile during
visual inspection. In the October monitoring
round, foraging trails were not observed in
any area of either treatment site except one
area on the north side of the Field Station
treatment site populated by 4 coast live oak
trees with canopies that encompass approximately 250 m2. An extensive 3-dimensional
habitat, locally abundant resources, or large
pretreatment nests may have rendered our
treatment less effective in that area. We could
more effectively reduce ant activity in that
area by (1) placing bait in that 3-dimensional
habitat in quantities and coverage mimicking
the 2 × 2-m grid we placed on the ground
of the treatment areas or (2) increasing the
attractiveness of the bait by adding protein.
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Initial trials of an attractant consisting of a
mixture of 50% cooked and 50% raw chicken
egg and 25% sugar by weight indicate this is
a highly preferred food source (Hanna and
Boser 2012), and our monitoring data indicate
that protein and sugar attractant is preferred
in July–September. The consistency of the
cooked and raw sugared egg solution makes
the attractant easily spread or sprayed, and the
solution tends to adhere to vegetation which
makes it suitable for deploying on 3-dimensional surfaces. Although more costly than the
sucrose bait, this bait could be considered for
use during July–September to target remnant
nests in inaccessible locations or those not
effectively eliminated by the sucrose bait.
Our field observations indicated that Argentine ants visited the PVC bait stations less than
the polyacrylamide bait piles. Although there
were fewer PVC bait stations placed farther
apart than polyacrylamide bait piles, the bait
smelled of vinegar after a few days; so the
large volume of bait placed in the PVC bait
stations was not fully utilized by the ants.
When ant abundance is low or nests are
small, ants may not forage more than a couple
meters from their nests (C. Green personal
communication), so it is likely many nests
could not access a PVC bait station. Considering the limited visitation and the long handling time needed to deploy the PVC bait
stations, this deployment method was not
cost-effective.
The effect on nontarget organisms was
small, and most of the expected invertebrate
mortality is assumed to be compensatory. The
majority of nontarget ant species were recorded only on the periphery of the treatment
sites where Argentine ants were absent or
observed at low densities. Typically only 1–3
ant species coexist with Argentine ants in infested locations on Santa Cruz Island (Holway
and Hanna 2011). We hypothesize that very
few native ant species will persist in areas in
which Argentine ants spread. Thus we consider most native ant mortality to be compensatory rather than additive. With the exception
of a single observation of an unidentified beetle (Coleoptera) on bait during instantaneous
bait counts, all of the nontarget invertebrates
observed on the bait are highly abundant and
widespread across Santa Cruz Island. We do
not expect significant changes in invertebrate
assemblages as a result of the treatment other
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than elimination of Argentine ants and the
resulting positive impacts to native species.
Our pretreatment review of the literature
and posttreatment observations indicated that
the baiting treatment would not have significant or detectable effects on vertebrate species.
Oral LD50 levels measured for the active
ingredient thiamethoxam in birds and mammals is 576 and 5000 mg ⋅ kg–1 body weight,
respectively. We estimate an average common
raven (Corvus corax; at 1 kg) would be required to consume 12.9 L and an island fox
(Urocyon littoralis; at 2 kg) 1374 L of 6-ppm
bait to reach LD50 levels. We recorded one
observation of a raven consuming the bait but
at a much lower quantity than would be required to meet LD50 levels. No other bird
was observed to consume the bait, even though
several observation sessions were conducted
in areas where ground-foraging birds typically
feed.
The island fox is on the federal and state
endangered species list, and for this reason we
conducted a number of tests to assess the effects of the polyacrylamide on the foxes prior
to the large-scale baiting. During 30 trapping
nights, remotely triggered cameras were placed
facing a 30 × 30-m area baited with polyacrylamide and 25% sucrose solution. Foxes were
recorded consuming the polyacrylamide on
10% of trapping nights for an average of 4.5
minutes each night. Additionally, we used
standard trapping procedures (Coonan et al.
2005) for 4 nights following the first polyacrylamide bait deployment in June to monitor the
effects of the treatment on foxes. Trapping was
conducted 40 nights in the Field Station treatment area. None of the 11 individuals we
trapped showed intestinal distress, and fox
capture rates were normal. To date there is no
evidence of adverse effects on island fox; however, we continue to monitor fox health in the
vicinity of the bait deployments.
In our field trial, as in programs carried out
elsewhere, reinfestation from the untreated
infestation edges appeared to confound monitoring results (Krushelnycky et al. 2011). To
better measure the true efficacy of a treatment, the treatment buffer could be extended
around the monitoring stations, but that treatment buffer must be modified and increased
relative to the duration between treatment
and final monitoring to account for reinfestation rates of 10–100 m per year. In many areas,
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the size and shape of the infestation makes this
difficult, so it is preferable to treat the entire
infestation to ascertain treatment efficacy. In
these field trials, all but 5 of the Argentine
ants recorded in the final May 2013 monitoring round were recorded on the periphery of
the infestation. We recommend that further
trials be conducted on entire infestations to
reduce uncertainty about reinfestation influencing monitoring results.
Defining the treatment boundary and adding a suitable buffer to the treatment area
remains an important and challenging component of Argentine ant treatment. The treatment boundaries we established prior to this
trial were based on delimitation data which
was conducted in October 2010, nearly 18
months prior to our initial treatment. Although
we did not complete a delimitation immediately prior to the experiment, we recommend
mapping Argentine ant infestations immediately prior to treatment to improve the ability
to discern efficacy. Field observations indicate
that Argentine ant nests on Santa Cruz Island
are not necessarily adjacent to each another.
The Argentine ant invasion front may be
undetectable for up to 30 m in less suitable
habitat such as annual grasses, but small
colonies at the leading edge of the infestation
may still exist at more distant locations around
native shrubs or trees. Some pest professionals
recommend a 20-m treatment buffer around
delineated Argentine ant populations. Based
on our field observations and the results of ant
activity monitoring stations, we recommend
using a larger treatment buffer of 50 m.
Management Implications
The history of ant eradication attempts
elsewhere underscores the importance of
long-term commitment to treatment and monitoring. Our results from this treatment trial—
particularly the consistency of the results
across the 2 treatment sites and different vegetation types, as reflected with different monitoring methods—suggest that we may have a
practical and effective method that could make
elimination feasible. At the very least, the results support the continuation of this experiment on a larger scale. Indeed, we expect that
several additional treatments with this protocol will be necessary to entirely eliminate all
evidence of colonies at the previously treated
sites. We will also examine the return on
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investment of increasing the frequency of treatments within a given season. Our results suggest that this protocol, or variations thereon,
may be effective in eliminating colonies of
Argentine ants. The polyacrylamide bait piles
appear to be a practical and effective method
of deploying attractive liquid bait in rugged
terrain and dense vegetation. If Argentine ants
can be eliminated on the scale of our field trials, we expect the protocol could be scalable
to larger isolated infestations on islands and
other conservation areas. Moreover, we expect that the polyacrylamide bait deployment
method could be adapted to control or eliminate populations of other invasive ants.
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REINTRODUCTION OF HISTORICALLY EXTIRPATED
TAXA ON THE CALIFORNIA CHANNEL ISLANDS
Scott A. Morrison1,6, Kevin A. Parker 2, Paul W. Collins 3,
W. Chris Funk 4, and T. Scott Sillett 5
ABSTRACT.—Most invasive alien vertebrate populations on the Channel Islands of California have been eradicated
over the past 30 years. Unfortunately, removal of these introduced herbivores or predators came too late for some native
flora and fauna, and numerous populations are now extinct. Here, we describe a systematic approach to reintroducing
extirpated native taxa as a means for rebuilding natural communities and enhancing the resiliency of island ecosystems.
Reintroduction efforts typically focus on a single species or site. In contrast, we propose that if reintroduction is a shared
conservation goal of managers across the islands, the associated planning, implementation, and monitoring should be
conducted as a cross-island initiative for the archipelago. A coordinated effort based on best practices in reintroduction
biology could accrue programmatic efficiencies and economies of scale, more quickly advance ecosystem and species
conservation goals, and create unique opportunities to test hypotheses in basic and applied ecology and evolution. The
philosophical and technical approaches developed through this program may apply to other island and mainland systems and could be adapted to develop conservation strategies for species that may be candidates for assisted colonization in the face of climate change.
RESUMEN.—La mayoría de las poblaciones invasoras de vertebrados no nativas en las Islas del Canal de California
han sido erradicadas durante los últimos 30 años. Desafortunadamente, la eliminación de estos herbívoros o depredadores
exóticos llegó demasiado tarde para algunas especies de fauna y flora nativa, y numerosas poblaciones están ahora extintas. Describimos un enfoque sistemático para reintroducir taxa autóctonos eliminados como un medio de reconstruir las
comunidades naturales y mejorar la resistencia de los ecosistemas de las islas. Los esfuerzos de reintroducción típicamente se centran en una sola especie o lugar. Por el contrario, nosotros proponemos que si la reintroducción es un objetivo de conservación compartido por los administradores de recursos en todas las islas, la planificación asociada, la
implementación y el monitoreo deben ser conducidos como una iniciativa entre islas del archipiélago. Un esfuerzo coordinado, basado en mejores prácticas de biología de reintroducción, podría conjuntar eficiencia del programa y
economías de escala, hacer que los objetivos de conservación de los ecosistemas avancen más rápidamente y crear oportunidades únicas de comprobar hipótesis sobre ecología y evolución básica y aplicada. Los enfoques filosóficos y técnicos desarrollados a través de este programa podrían aplicarse a otros sistemas de islas y de continentes, y podrían ser
adaptados para desarrollar estrategias de conservación para aquellas especies que pudieran ser candidatas para la colonización asistida en caso de cambio climático.

Advances in the eradication of invasive
vertebrates from islands have improved our
ability to conserve insular biodiversity (Veitch
and Clout 2002, Veitch et al. 2011). Eradication, however, generally represents only the
initial phase of an island restoration program.
After eradication, managers must decide what
desired state they will manage toward over
the long term (Hobbs and Norton 1996, Hayward 2009). For example, managers might
assess the desirability, feasibility, and priority
of reconstituting the full complement of native
species that was present on the island prior
to the introduction of invasive vertebrates.

Reintroducing locally extinct populations on
islands free of harmful invasive species can
be an important management strategy for
restoring island ecosystems and conserving
native species (Ewen et al. 2012).
The Channel Islands of California have
been the focus of much ecological restoration
effort, including invasive species eradication
(McEachern et al. in press). The Channel
Islands are a loose archipelago of 8 islands
that range in size from 260 ha (Santa Barbara
Island) to 250 km2 (Santa Cruz Island) and
from 20 km (Anacapa Island) to 120 km (San
Nicolas Island) in distance to the mainland.
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Ownership is mostly federal (U.S. Department
of Defense, U.S. National Park Service) and
nonprofit conservation organizations (The
Nature Conservancy [TNC], Catalina Island
Conservancy). Although the terrestrial and
marine environments of the islands have been
affected by human activities for millennia, the
19th and 20th centuries—generally categorized as the “ranching era”—had an especially
profound ecological impact (Rick et al. 2014).
Introduced herbivores and predators degraded
island habitats and imperiled many plant and
animal species. Populations of a variety of
taxa disappeared (PWC unpublished data),
including numerous passerine birds (Table 1).
Island managers across the archipelago have
implemented numerous projects aimed at
eradicating ecologically harmful introduced
species (McEachern et al. in press). These
efforts over the past 3 decades have contributed to the recovery of some native vegetation communities (e.g., Beltran et al. 2014)
and imperiled animal populations (e.g., Whitworth et al. 2005, Coonan et al. 2010, Sillett
et al. 2012). Some invasive animal species
(e.g., Randall et al. 2011, McEachern et al. in
press) and numerous invasive plant species
(e.g., Corry and McEachern 2009, Cory and
Knapp 2014) remain; but all of the islands
are now managed for protection of natural
resources, and their ecological trajectories
are generally more toward resilience than
degradation (Rick et al. 2014). For some
Channel Islands species, however, the current
“conservation management era” came too late.
Here, we discuss reintroducing taxa that
were historically extirpated from the Channel
Islands. We review potential benefits of
reintroduction, as well as some of the risks
managers need to address in planning. Further,
we suggest that if reintroduction is indeed a
conservation goal across the archipelago, planning, implementing, and monitoring the translocations as a coordinated cross-island research
and management initiative, rather than as a
series of discrete single-species projects, could
reduce overall cost, accelerate ecosystem
restoration, and improve learning outcomes.
We use passerine birds as a model, but the
principles we present could apply across taxa.
Although the focus here is on reintroduction,
we also discuss an instance where the extinct
population is considered an extinct form, and
so an ecological surrogate taxon would need
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to be identified (Parker et al. 2010). Developing experience not only in the science and
practice but also in the philosophy and policy
of conservation translocations may become
increasingly important because, with climate
change, managers will face decisions about
assisting the colonization of species outside
of their indigenous range to facilitate adaptation (Seddon 2010, IUCN/SSC 2013).
WHY REINTRODUCE EXTINCT POPULATIONS?
Reintroducing populations on the California Islands would be elective and therefore
warrants articulating reasons for reintroduction to help prioritize it as a management
action. Below, we discuss potential reasons
to reintroduce extirpated taxa, which include
considerations of ecological function, species
viability and adaptation, as well as ethical considerations, such as a desire to undo perceived
damage caused by humans. Potential reasons
not to reintroduce populations include opportunity costs of diverting limited conservation
resources from other conservation management priorities, and risks (e.g., of the translocation causing harm to the relocated species
or to other species on the destination island).
Such risks should be addressed in planning,
which we discuss in the subsequent section.
Societal Values and Precedent
A general management goal for many of the
islands is a return to conditions that existed
prior to the ranching era. This goal stems from
an awareness that relatively recent human
activities resulted in the loss of diversity on
the islands and that restoration of historical
conditions may still be feasible. Indeed, undoing the damage of human impacts to the archipelago was an implicit rationale for some of
the reintroduction programs already implemented on the Channel Islands: these were
actions intended to contribute to recovery of
species that at the time were listed as endangered by the U.S. federal government. Bald
Eagles (Haliaeetus leucocephalus) were extirpated from the archipelago in the early 1960s
due to pesticide contamination in the food
web; a reintroduction program was initiated
on Santa Catalina Island in 1980 (Garcelon
1988) and on Santa Cruz Island in 2002
(Dooley et al. 2005). The Peregrine Falcon
(Falco peregrinus), also extirpated due to
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aCDFG : SSC = Species of Special Concern (CDFG 2011); USFWS : FE = Federally Listed Endangered; BCC = Birds of Conservation Concern (CDFG 2011, USFWS 2008).

Island Scrub-Jay (Aphelocoma insularis)
Island Loggerhead Shrike (Lanius ludovicianus anthonyi)
San Clemente Loggerhead Shrike (Lanius ludovicianus mearnsi)
Island Horned Lark (Eremophila alpestris insularis)
Catalina Bewick’s Wren (Thryomanes bewickii catalinae)
San Clemente Bewick’s Wren (Thryomanes bewickii leucophrys)
Santa Cruz Island Bewick’s Wren (Thryomanes bewickii nesophilus)
San Clemente Spotted Towhee (Pipilo maculatus clementae)
Santa Cruz Rufous-crowned Sparrow (Aimophila ruficeps obscura)
San Clemente Island Song Sparrow (Melospiza melodia clementae)
Santa Barbara Island Song Sparrow (Melospiza melodia graminea)
San Miguel Island Song Sparrow (Melospiza melodia micronyx)
San Clemente House Finch (Carpodacus mexicanus clementis)

Species

X

E

E

E

X
X

USFWS : BCC
CDFG : SSC
CDFG : SSC; USFWS : FE
None
None
CDFG : SSC
None
CDFG : SSC; USFWS : BCC
CDFG : SSC
None
USFWS : FE (delisted, extinct)
None
None

Island
________________________________________________________________
San
Santa Santa
Santa
San
Santa
San
Miguel Rosa Cruz Anacapa Barbara Nicolas Catalina Clemente Statusa

TABLE 1. Extirpated passerine bird populations on the California Channel Islands. Listed are purported endemic forms of birds that likely have experienced recent population-level
extinction. X indicates presence; M, a mainland subspecies; E, an extinct island population; and E? indicates that historic or prehistoric specimens suggest the possible prior occurrence of a breeding population. For species with multiple purported subspecies on the islands, if one population is extinct, we list all the members of that species. Table compiled by
PWC based on review of literature, historical records, and museum collections; sources available on request.
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pesticide contamination, was reintroduced
to multiple islands beginning in 1983 (Latta
2012). Similarly, 2 other island bird taxa
listed as State of California Bird Species of
Conservation Concern have been recommended for reintroduction once habitat has
been sufficiently restored (Collins 2008a,
2008b).
Ecosystem Function and Services
Reintroduction of extirpated species can
restore important ecological processes and
functions (e.g., Gibbs et al. 2008). For example,
one rationale for reintroducing Bald Eagles
to the northern Channel Islands was that
they might, through agonistic interactions,
deter Golden Eagles (Aquila chrysaetos), which
were not resident on the islands prior to the
ranching era, from continuing to settle on
the islands. Golden Eagle predation drove
island fox (Urocyon littoralis) populations on
San Miguel, Santa Rosa, and Santa Cruz Islands
to near extinction (Coonan et al. 2010). Island
Scrub-Jays (Aphelocoma insularis), currently
restricted to Santa Cruz Island, provide
another example of an important ecological
role that could be restored by translocation.
Jays inhabited Santa Rosa Island at least in
prehistoric time and may have been extirpated
as recently as the late 1800s, due in part to
vegetation destruction by sheep (Ovis aries;
Collins 2009). Aphelocoma jays cache and
bury seeds and are important to long-distance
dispersal of oaks (Quercus spp.) and pines
(Pinus spp.) (Grinnell 1936). The extent of
oak, chaparral, and pine woodland on Santa
Rosa Island was greatly reduced during the
ranching era. These woodland habitats remain
limited, and their recovery is expected to be
slow in the absence of a long-distance seed
disperser. Reintroducing Island Scrub-Jays to
Santa Rosa would return a key ecological
process—long-distance seed dispersal—to the
island, accelerate recovery of oak and pine
ecosystems, and decrease erosion (Morrison
et al. 2011). Although the ecological roles of
the Bald Eagle and Island Scrub-Jay are better understood than those of other extirpated
bird taxa (Table 1), we can assume that all the
missing populations affected their ecosystems.
Reestablishing these absent ecological relationships should be a management focus on
the California Islands (see Post and Palkovacs 2009).
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Decreased Risk of Extinction
Reintroduction can increase species viability through the creation of additional distributed populations. For example, the southern
sea otter (Enhydra lutris nereis), a keystone
predator and a federally threatened taxon, was
reintroduced to waters off San Nicolas Island
in 1987, in part to reduce extinction risk
should the subspecies’ main population along
the central coast of California experience a
catastrophic event like an oil spill (Benz 1996).
Reintroduction may also enhance viability in
the context of climate change if reintroduction
facilitates adaptation of the species and contributes to the resiliency of an island’s ecosystem. Future viability of the Island Scrub-Jay
on Santa Cruz Island, for example, could be
jeopardized by epidemic disease, habitat loss,
and climate change (Morrison et al. 2011).
Santa Rosa and Santa Cruz Islands are in
different marine ecoregions (Spalding et al.
2007) and might experience climate change
differently. Establishing a second population
of A. insularis on Santa Rosa Island could
therefore reduce extinction risk because it
would increase the species’ geographic range,
population structure, and resilience to future
shifts in climate. Reintroducing jays to Santa
Rosa Island would also hasten the recovery
of oak and pine ecosystems.
APPLICATIONS OF REINTRODUCTION SCIENCE
An extensive literature provides theoretical
and practical guidance on how to plan and
implement a reintroduction project (e.g.,
Sutherland et al. 2010, Ewen et al. 2012,
IUCN/SSC 2013). That guidance describes
best practices in structured decision making,
harvest, husbandry, transport, release, disease
management, and so on. Here, we highlight
some aspects of the planning that may be of
particular concern to managers on the California Islands, such as the identification and
management of risks and uncertainties. For
example, many islands that would provide
the source population or be the target of a
translocation are generally at the early stages
of vegetation succession, with more weed
species and less tree and shrub cover than
before the ranching era. Indeed, some ecosystems might well be considered “novel”
(Ewel et al. 2013). Consequently, some species
present on the archipelago in the 19th century
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may not be able to persist now or could have
adverse, community-level effects.
Planning processes should assess whether
degraded habitat has sufficiently recovered
to support a reintroduced population. In some
cases, however, it may be difficult to remove
uncertainty about whether that threshold has
been met without actually testing it through
translocation. For example, when the Bald
Eagle and Peregrine Falcon reintroduction
programs were launched on the Channel
Islands, it was not known if contaminants in
the environment had declined enough to
allow these species to establish self-sustaining
populations. Nevertheless, managers determined that the benefit of having Bald Eagles
and Peregrine Falcons on the islands outweighed the uncertainty associated with the
initial translocations. The Island Scrub-Jay
example illustrates similar risk issues. Santa
Rosa Island, a potential jay reintroduction
site, has a fraction of the oak, pine, and chaparral vegetation cover that it did prior to the
introduction of livestock (Kindsvater 2006);
that habitat loss may have been the primary
cause of jay extinction (Collins 2009). Plans
to reintroduce Island Scrub-Jays to Santa
Rosa Island would need to consider whether
enough habitat exists to support a population
with an acceptable probability of persistence.
A reintroduced population may require occasional augmentation of additional individuals
and food supplementation (Morrison et al.
2011).
Some islands still have invasive vertebrate
populations, and managers would need to
consider the degree to which reintroduction
could complicate future eradication efforts.
For example, managers may decide that reintroducing a ground-foraging, granivorous
bird to an island where invasive rodents are
still present (e.g., San Miguel Island) should
not proceed because the currently available
methods to eradicate such pests, if used,
could jeopardize the reintroduced population
(Howald et al. 2010). Alternatively, managers
could decide to proceed with reintroduction
ahead of the eradication if they concluded
that eradication would not be tractable in
the foreseeable future, the pest would not
threaten viability of the reintroduced population, and appropriate mitigation measures
could be taken if an eradication is attempted
(see Howald et al. 2010).
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Potential community-level effects also must
be identified and evaluated. Some effects
could be a desired outcome of reintroduction.
For example, if the scatter-hoarding Island
Scrub-Jay were to be provided with supplemental food in the early stages of its reintroduction to Santa Rosa Island, managers could
provide seeds of oak and pine species they
seek to promote as part of that island’s vegetation restoration program (Pesendorfer 2014).
Other community-level effects of a jay reintroduction could be less desirable. Island
Scrub-Jays are nest predators. Populations of
predator-naïve songbirds (such as Loggerhead
Shrikes [Lanius ludovicianus]; Stanley et al.
2012) on Santa Rosa could be adversely
affected. However, recent work demonstrates
that some Channel Island passerines modify
their behavior in the presence of predators,
even if they lack experience with that predator
(Peluc et al. 2008, Sofaer et al. 2013). Moreover, restoration of predators can enhance
ecosystem resiliency (Ritchie et al. 2012). The
planning phase of a reintroduction should
therefore seek to identify and evaluate potential risks and have in place the monitoring
programs necessary to adaptively manage
such risks if the reintroduction action is
implemented. Managers have faced similar
risks and uncertainties in earlier Channel
Island reintroductions: Bald Eagles introduced
to Santa Cruz Island could have exacerbated
predation risk of island foxes on the northern
islands (Newsome et al. 2010).
Island populations likely have traits adapted
to local conditions that would be important to
identify and consider when planning a reintroduction. Channel Island populations of Song
Sparrow (Melospiza melodia graminae), for
example, display variation in bill size that
corresponds with island size and temperature
(Greenberg and Danner 2012, 2013, Danner
et al. 2014). Local adaptation may be an
important consideration in identifying a source
population or in selecting individuals of the
founder population. Such considerations may
be especially important when the extirpated
population is an extinct form, such as the Song
Sparrow subspecies on Santa Barbara Island
(Table 1), and a surrogate taxon needs to be
identified (Parker et al. 2010).
Climate change will affect the species that
are candidates for reintroduction, as well as
the ecosystems of both donor and recipient
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islands. A key consideration is whether the
destination island for a translocation would be
suitable for the species in the future, given
current climate projections. However, much
uncertainty exists about how climate change
will affect coastal southern California, where
fog is a major ecological influence (Cayan et
al. 2008, Fischer et al. 2009, Carbone et al.
2013). Given that most of the taxa considered
here are currently not threatened or endangered (Table 1), the impact on viability of harvesting individuals from source populations or
of a failed reintroduction effort may be small.
Thus proceeding with a translocation, even in
the face of uncertainties, might be precautionary if the costs and risks of doing so are
acceptable.
A COORDINATED CROSS-ISLAND,
MULTITAXA APPROACH
Cross-island collaboration by managers and
scientists is an efficient and effective means
of achieving conservation goals (Coonan et
al. 2010, Boser et al. 2014). If reintroducing
locally extirpated taxa is a priority across the
archipelago, developing a plan to conduct
the work as a coordinated program rather than
as a series of projects, one population at a
time, would be an efficient model. The manner
in which invasive species eradication projects
occurred across the Channel Islands over the
past decades illustrates the potential benefit
of a programmatic approach. Each invasive
population was typically eradicated as an
individually planned and implemented effort
(McEachern et al. in press). This approach
was used for many reasons, including the fact
that eradication methods themselves were
evolving (Veitch et al. 2011) and that different
island managers had competing priorities and
constraints on their management prerogatives
(Morrison 2007). Given current knowledge,
however, if managers today faced the same
suite of “ranching era” introduced species
across the archipelago, they would certainly
achieve some economies of scale by conducting the eradication efforts as a coordinated multitaxa, cross-island initiative (Saunders et al. 2011).
A programmatic approach can reduce
costs because of efficiencies in planning, implementation, monitoring, and research. Island
managers have many competing and urgent
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priorities, as well as limited resources and
funding. The research program needed to
support reintroduction would be similar for
many of the taxa and could be coordinated
across islands. For example, if both Song Sparrows and House Finches (Carpodacus mexicanus clementis) were being considered for
reintroduction to Santa Barbara Island (Table
1), the field assessment, baseline monitoring,
compliance processes, and postintroduction
monitoring needed for each species could
be conducted by the same teams. A few
well-designed studies that leverage the comparative and experimental potential of the
reintroductions to address ecological and
evolutionary questions would also provide
the genetic, population, and community-level
information needed to inform conservation
and management goals. Moreover, with sufficient planning and coordination, basic research
on the ecological and evolutionary responses
postreintroduction could be integrated with a
translocation action, and funding could be
leveraged from multiple sources (e.g., the
National Science Foundation). The linkages
between potential source and destination
islands of bird taxa (Table 1) highlight the
opportunity for a collaborative management
and research initiative. Importantly, a coordinated effort could accelerate the attainment of
conservation outcomes across the archipelago.
Time and cost efficiency must be secondary
considerations to the ecological conditions
of the individual islands and to sequencing
restoration actions in an ecologically appropriate order (Temperton 2004). Nevertheless,
erring on the side of action in getting the
new populations established, as a means for
enhancing resiliency of Channel Island ecosystems, is prudent. A proactive approach
could benefit these systems in the face of
climate change and be initiated before future
impacts create potentially higher priority
demands on limited management funds. Most
of the bird species that would be candidates
for reintroduction are not federally or state
listed, although some are considered species
of management concern (Table 1). Thus, initiating reintroductions while donor populations are relatively robust seems wise. If
potential donor populations become more
imperiled, reintroduction may become biologically, administratively, and ethically more
difficult.
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The planning and decision-support framework developed for a multitaxa reintroduction initiative in the Channel Islands could
be adapted for other island systems, and
the collaborative enterprise itself could
readily be expanded to include additional
islands of the Californias. For example, many
taxa have recently gone extinct on Guadalupe
Island of Baja California, Mexico, including
the Guadalupe Bewick’s Wren (Thryomanes
bewickii brevicauda), Guadalupe Spotted
Towhee (Pipilo maculatus consobrinus), Guadalupe Caracara (Polyborus lutosus), Guadalupe
Storm Petrel (Oceanodroma macrodactyla),
and Guadalupe Ruby-crowned Kinglet (Regulus calendula obscurus; Aguirre-Muñoz et al.
2011). Appropriate surrogate taxa would need
to be identified (e.g., Hutton et al. 2007) for
these extinct populations, and the approaches
developed for reintroductions in the Channel
Islands (e.g., identifying a surrogate for the
Santa Barbara Island Song Sparrow) could
potentially inform such planning. Because
Guadalupe Island is at a very early stage of
vegetation succession following the recent
eradication of feral goats (Capra hircus), managers would need to be especially cautious in
identifying and managing potential risks of
any reintroduction effort, including the possibility that reintroduction might (1) distract
from other management priorities or prerequisites (e.g., fire management and forest
recovery; Oberbauer et al. 2009); (2) adversely
affect species of conservation concern on the
island (e.g., Laysan Albatross [Phoebastria
immutabilis], which nests on the island); or (3)
complicate invasive species eradication efforts
that may be attempted in the future (e.g., feral
cats [Felis catus] or house mice [Mus musculus]).
RESEARCH NEEDS
A multidisciplinary research program would
be needed to plan, implement, monitor, and
learn from a reintroduction initiative. If
designed well, the research program should
be efficient, advance science, and inform conservation management—even if the ultimate
decision is not to implement a given reintroduction. Here, we outline some research needs
that could be the initial focus of that program.
First, a list of extirpated taxa is needed for
the islands which can serve as a basis for prioritizing reintroductions. Table 1 provides an
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initial survey of passerine taxa; other taxa
should be similarly reviewed. Field surveys
may be required to increase certainty of absence for cryptic species. Other taxa that
could be candidates for reintroduction include those known to have been historically
extirpated (e.g., spotted skunk [Spilogale gracilis amphiala] on San Miguel Island) and
those known to have been present on an
island but for which the time or cause of extinction is uncertain (e.g., gopher snake [Pituophis catenifer pumilus] on San Miguel Island;
PWC unpublished data). Abandoned seabird
nesting colonies (e.g., McChesney and Tershy
1998) could also be reestablished (Jones and
Kress 2012). A related project is underway
to excavate, identify, and ideally germinate
the seed bank of plant species that were present on San Miguel Island prior to the introduction of sheep (J.J. Knapp, TNC, personal
communication).
Second, a reintroduction program would
benefit from an understanding of the genetic
structure of and adaptive differentiation
among island populations (Robertson et al.
2014). Some of the extirpated taxa are classified as subspecies, but they are weakly differentiated (Patten and Unitt 2002, Patten
and Pruett 2009, Unitt 2012), perhaps based
on a limited number of specimens, and may
have distributions that appear biogeographically nonintuitive. For example, a form of
Spotted Towhee (P. m. clementae) is said to be
endemic to Santa Rosa Island, yet the mainland taxon (P. m. megalonyx) occurs on the
neighboring Santa Cruz Island, and both
islands were connected as recently as the last
glacial period, approximately 10,000 years
ago (Collins 2008b). Similarly, it would be
helpful to examine time since divergence of
taxa, such as for the Rufous-crowned Sparrow
(Aimophila ruficeps obscura). If genetic studies
for this species indicate their presence on the
northern islands prior to the last glacial
period, then they likely also occurred on what
are now Santa Rosa and San Miguel islands
even though no physical evidence or other
documentation has been found (PWC unpublished data). A systematic survey of species
across the islands and adjacent mainland areas
using modern genomic approaches can help
infer the evolutionary history and phylogenetic relationships of populations (Robertson
et al. 2014). That survey could also advance
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an aforementioned research priority: the need
to elucidate patterns of local adaptation that
would be important for identifying desired
attributes of founder populations.
Third, coordinated demographic and ecological studies of the focal taxa are needed,
particularly focusing on habitat requirements
and trophic and nontrophic interactions on
both source and destination islands, as well
as assessments of current habitat quality. This
work would establish monitoring baselines
and ideally be designed to take advantage of
the comparative and experimental research
opportunity provided by the management
interventions to test hypotheses in population
and community ecology and evolution over
the long term (Parker et al. 2012). This research
effort would also be important for prioritizing
and sequencing translocation efforts, as well
as predicting, detecting, and managing their
potential undesired effects (e.g., Jamieson
2011).
Finally, this initiative will require managers
to review the philosophical underpinnings of
their conservation goals in the context of ecological novelty and climate change and to reconcile them with conservation policy (Cole
and Yung 2010, Morrison 2014). A likely prerequisite of any reintroduction would be legal
review to specify how the new population
would be treated vis-à-vis regulatory statutes
(Shirey and Lamberti 2010). The framework
we outline here would require managers to
articulate the desired species composition on
the islands, recognizing that active and perhaps nontraditional management might be
needed to achieve the desired outcomes.
REINTRODUCTION AND THE FUTURE
OF HISTORIC CONDITIONS
We have focused on restoring the islands
to their preranching condition, but a growing
body of literature emphasizes how that state
would be an impractical and inappropriate
long-term management goal (e.g., Cole and
Yung 2010). Managers are sure to face scenarios where an anthropogenic effect, such as
climate change, renders an island unsuitable
for certain species. In such a situation, a suite
of management alternatives are still available,
ranging from doing nothing and accepting
probable local or global extinction to translocating the species to an area outside of its
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indigenous range (Schwartz et al. 2012). For
example, direct or indirect effects of climate
change could render the northern islands
inhospitable for Island Scrub-Jay, and the jay
may need to be translocated to another island
outside of its indigenous range. Managers also
may face scenarios in which the island they
manage is identified as a candidate location
for translocation of a species that may face
high risk of extinction in its current range.
Although translocating a species outside of
its indigenous range requires great caution
(Ricciardi and Simberloff 2009), such assisted
colonization falls along a continuum of conservation management strategies that includes
both reintroduction and taxon substitution
(Seddon 2010). Thus, the framework used for
planning and implementing a Channel Islands
reintroduction initiative could provide a helpful foundation for managers and scientists as
they confront more nontraditional management scenarios. Fortunately, managers of the
Channel Islands are familiar with how introduced species can have unintended and cascading consequences, and managers can
employ that experience when structuring decisions about intentionally introducing species.
To illustrate the questions and challenges
likely to come, we consider the endangered
California Condor (Gymnogyps californianus).
A key recovery strategy for the condor is to
reintroduce it to several mainland locations,
including areas that it may not have occupied
for millennia (e.g., near Grand Canyon
National Park; Emslie 1987, USFWS 1996).
Yet the reintroduced populations continue to
be threatened by anthropogenic mortality factors (Rideout et al. 2012). A Gymnogyps condor occurred on the northern Channel Islands
through the Late Pleistocene (Guthrie 2005).
Marine mammal populations are increasing on
the Channel Islands (Stewart and Yochem
2000), and that increase could provide food
resources for condors (Chamberlain et al.
2005). Managers may need to consider whether
the islands should be evaluated as a potential
release location for condors, given that some
mortality factors difficult to manage on the
mainland (e.g., lead bullets, microtrash) are
not present on the islands. The possibility that
the taxon that occurred on the islands was not
G. californianus but G. amplus, a now extinct
species, may affect this decision as well (Syverson and Prothero 2010). Ultimately, managers
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will need to articulate a conservation management philosophy for the islands that can form
an objective basis for such decision making.
A reintroduction initiative for the Channel
Islands could be a platform for developing
the philosophical and policy frameworks, as
well as the decision-support tools needed to
address these future issues.

Conservancy’s website, www.nature.org (SAM,
unpublished data). Thus, a reintroduction initiative would not only enhance the resiliency
of the natural communities of the California
Islands but could also fortify much needed
public support for conservation.
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Following the eradication of many invasive
vertebrates that threatened native diversity,
an archipelago-wide initiative to reintroduce
recently extirpated taxa could be a defining
focus of the next chapter of conservation,
restoration, and science work on the California Islands. A collaborative effort could
accelerate restoration of native flora and fauna
and advance theoretical and applied research.
This initiative also could foster the development of a vision for the California Islands in
which conservation goals for individual islands
are set and advanced in the context of maximizing the conservation value of the archipelago as a whole.
In 2006, the first wild-born Bald Eagle
chicks on the Channel Islands in a half century were produced in 2 nests on Santa Cruz
Island (D.K. Garcelon, Institute for Wildlife
Studies, personal communication). The parent
birds of those nests were from the reintroduction programs on both Santa Cruz and Santa
Catalina islands. Moreover, one of the nests
was built on the ground in an area that just
months prior had been cleared of feral pigs
(Sus scrofa) as part of an island-wide eradication program; removal of that potential predator likely benefitted the nest. The 2006 nests
illustrate the ecological connectedness of the
archipelago and how restoration projects on
and across islands can complement one another.
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LAYSAN ALBATROSS ON GUADALUPE ISLAND, MÉXICO:
CURRENT STATUS AND CONSERVATION ACTIONS
Julio C. Hernández-Montoya1,3, Luciana Luna-Mendoza1,2, Alfonso Aguirre-Muñoz1,
Federico Méndez-Sánchez1, Maria Félix-Lizárraga1, and J.M. Barredo-Barberena1
ABSTRACT.—Guadalupe Island, off the Baja California peninsula, México, hosts the most important growing Laysan
Albatross (Phoebastria immutabilis) breeding colony in the eastern Pacific. Since this seabird’s first arrival in 1983, it has
been affected by predation from feral cats (Felis catus), present on Guadalupe since the late 19th century. Heavy predation events have been recorded on the island, so we initiated a feral cat control campaign in 2003 and began collecting
baseline information for developing an eradication plan. At the same time, we conducted seasonal monitoring of Laysan
Albatross reproductive success in order to assess the benefits from control activities. Cat relative abundance on
Guadalupe was estimated through spotlight surveys, and control was done at the southernmost end of the island around
the 2 locations where Laysan Albatross nest: Colinas Negras and Punta Sur. Laysan Albatross population growth rate
was calculated based on the number of reproductive individuals, while breeding success was estimated as the proportion of laid eggs that resulted in fledged chicks. A total of 203 cats were removed from the south end of Guadalupe
between 2003 and 2013. During this same period, high reproductive success (0.8) was recorded for Laysan Albatross,
suggesting a positive effect of cat control activities. We found significant differences in reproductive success between
years with predation and no predation by feral cats. The Laysan Albatross colony on Guadalupe has grown steadily during the past 30 years, increasing from 4 to 143 breeding pairs between 1984 and 2013, respectively, and with a population growth rate of 1.10 between 2004 and 2013.
RESUMEN.—La Isla Guadalupe, frente a la península de Baja California, México, alberga la colonia reproductora más
importante y en crecimiento de albatros de Laysan (Phoebastria immutabilis) en el Pacífico Oriental. Desde su llegada
en 1983, esta ave marina ha sido afectada por la depredación por parte de gatos ferales (Felis catus), presentes en
Guadalupe desde el siglo XIX. Se han registrado fuertes eventos de depredación en la isla, por lo que en 2003 iniciamos
una campaña de control, acompañada del registro de información de línea base para el desarrollo de un plan de erradicación. Al mismo tiempo, se inició el monitoreo estacional del éxito reproductivo del albatros de Laysan a fin de evaluar
los beneficios derivados del control. La abundancia relativa de gato se estimó mediante conteos nocturnos usando faros
incandescentes o “spotlights,” mientras que el control se hizo con trampas de cepo en el sur de la isla, en las dos zonas
donde anida el albatros de Laysan: Colinas Negras y Punta Sur. La tasa de crecimiento poblacional del albatros de
Laysan se calculó con base en el número de individuos reproductivos, en tanto que el éxito reproductivo se estimó de
acuerdo a la proporción de huevos puestos que resultaron en volantones. Entre 2003 y 2013 se eliminaron un total de
203 gatos en la porción sur de Guadalupe. Durante este mismo periodo se registró, en general, un éxito reproductivo
alto (0.8) en el albatros de Laysan, lo que sugiere que el control de gato tiene un efecto positivo. Encontramos diferencias significativas en el éxito reproductivo entre los años con y sin depredación por gatos ferales. La colonia de albatros
de Laysan en Guadalupe ha crecido de manera estable durante los últimos 30 años, pasando de 4 a 143 pares reproductores entre 1984 y 2013, respectivamente, teniendo una tasa de crecimiento poblacional de 1.10 entre 2004 y 2013.

The feral cat (Felis catus) is among the
world’s worst invasive alien species (Lowe et
al. 2004). Its presence on islands has been
recognized as one of the main causes of
extinction of insular species (e.g., Jehl and
Parkes 1983, Mellink 1992, Veitch 2001).
Cats on islands have contributed to the extinction of 33 mammals, birds, and reptiles
worldwide (Aguirre-Muñoz et al. 2011, Medina et al. 2011). Seabirds have several characteristics that make them particularly vulnera-

ble to cat predation: they are long-lived species with low reproductive rates (usually a
single chick per breeding cycle) and have
late recruitment, as they start to reproduce
around 7–12 years of age (Cairns 1992, Baker et al. 2002). Furthermore, seabirds—
like many insular species—lack antipredator
behavior since they have evolved in environments free of mammalian predators (Milberg
and Tyrberg 1993, Cooper and Pérez-Mellado
2012).
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Guadalupe Island remains one of the
most important breeding sites for seabirds in
Mexico (e.g., Pitman et al. 2004, Keitt 2005,
Wolf et al. 2005, Birt et al. 2012). It hosts 7
threatened seabirds: Guadalupe Storm-Petrel
(Oceanodroma macrodactyla), Laysan Albatross (Phoebastria immutabilis), Leach’s StormPetrel (Oceanodroma leucorhoa socorroensis
and O. l. cheimomnestes), Guadalupe Murrelet
(Synthliboramphus hypoleucus), Cassin’s Auklet (Ptychoramphus aleuticus), and Black-vented
Shearwater (Puffinus opisthomelas). Cats were
introduced to Guadalupe around 1885, rapidly
establishing a feral population (Moran 1996).
Over the years, feral cats became a major concern for the conservation of birds at Guadalupe Island (Jehl and Everett 1985). They
have been involved in the extinction of 6 bird
taxa, including the Guadalupe Storm-Petrel
(not recorded since 1912), the Guadalupe Rubycrowned Kinglet (Regulus calendula obscurus), and the Guadalupe Northern Flicker
(Colaptes auratus rufipileus; Jehl and Everett
1985, Barton et al. 2004, Keitt et al. 2005,
Aguirre-Muñoz et al. 2011).
Almost the entire Laysan Albatross population breeds in the central Pacific (northwestern Hawaiian Islands); but in 1983, the
species colonized Guadalupe—the first colony
in the eastern Pacific—probably due to saturation of breeding sites in its former location
(Pitman et al. 2004). Since then, new colonies
have been recorded in the eastern Pacific, all
within Mexico (Islas Alijos, Roca Partida, San
Benedicto, and Clarion Islands in the Revillagigedo Archipelago; Pitman 1985, Howell
and Webb 1990, Pitman and Ballance 2002).
However, the most important colony to date is
the one at Guadalupe Island (Pitman et al.
2004, Henry 2011).
Feral cats affect native vertebrates on at
least 120 different islands worldwide, and
birds are the most impacted group (Medina
et al. 2011). According to a global review on
the impacts of feral cats on islands, predation
by cats has been documented for 5 other albatross species besides the Laysan Albatross on
Guadalupe: Diomedea amsterdamensis, Thalassarche carteri, and T. chlororhynchus, all on
Amsterdam Island; Diomedea epomophora
on Auckland Island; and Phoebastria irrorata on
Isla de la Plata (Medina et al. 2011).
On Guadalupe, predation events at the main
island colony are frequent, causing losses of
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both adults and chicks (Gallo-Reynoso and
Figueroa-Carranza 1996, Keitt et al. 2005, this
paper). Laysan Albatrosses are reluctant to
leave their nests when they are incubating
(Kepler 1967), and this characteristic makes
them highly vulnerable to predation. For example, in the 2002–2003 breeding season, 35
breeding adults were killed by cats on Guadalupe, causing the failure of their nests (Keitt
et al. 2005).
To actively protect all seabird populations
on Guadalupe Island, including the Laysan
Albatross, the eradication of feral cats has
been identified as a key restoration strategy
(Aguirre-Muñoz et al. 2011, Croxall et al. 2012,
Aleixandre et al. 2013, Nogales et al. 2013).
Nevertheless, even when eradication is the
preferred option, sometimes control has to be
the immediate response to a species conservation contingency (Courchamp et al. 2003),
especially while fundraising for usually expensive eradication campaigns. There are several
examples of how ongoing feral cat control
strategies have protected seabird populations,
particularly when eradication of feral cats is
not feasible due to technological or financial
constraints (e.g., Bonnaud et al. 2010, Zino
et al. 2001). At Port-Cros Island (France), for
example, feral cat control around Yelkouan
Shearwater (Puffinus yelkouan) colonies led to
an increase in and immediate protection of the
population (Bonnaud et al. 2010).
To ensure the permanence of the Laysan
Albatross on Guadalupe, a campaign to control feral cats was started in 2003. In order to
evaluate the effectiveness of control actions,
we also conducted seasonal monitoring of
albatross reproductive success. Here, we report
the outcomes of these activities for 2003–2013.
METHODS
Site Description
Guadalupe Island is a biosphere reserve,
located in the Pacific Ocean, 260 km off the Baja
California peninsula, Mexico (29° 04 N, 118°
17 W; Fig. 1). The reserve’s terrestrial area
comprises the main (Guadalupe) island (24,171
ha, elevation 1298 m), 3 islets (Zapato, Toro,
and Negro), and several offshore rocks (Fig. 1).
The island has a Mediterranean climate characterized by hot and dry summers and cold
and wet winters (Camps and Ramos 2012,
Granda et al. 2014). Climate is defined as
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Fig. 1. Geographic location of Guadalupe Island. Black stars indicate locations of 3 nesting colonies of Laysan Albatross.

BWhs: dry (arid), low-latitude climate (average annual temperature between 18 and 23 °C),
and winter rainfall (García 1998).
Floristically, Guadalupe Island is similar
to the Channel Islands, USA (Raven 1965).
Ten well-defined vegetation communities have
been described based on historical records
(Oberbauer 2005). These include 3 forests
(cypress, pine, and palm; all endemic species),
2 woodlands (juniper, oak), chaparral (shrubs),

native grassland, and 3 communities dominated by low shrubs. The vegetation community on the southern end of the island and
islets was dominated historically by succulent
perennial herbs such as the endemics Cistanthe guadalupensis, Bariopsis guadalupensis,
Coreopsis gigantea, and Deinandra spp. This
community has been described as succulent
herbland (León de la Luz et al. 2003) or
mesa/islet scrub (Oberbauer 2005). Given the
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island’s considerable distance from the mainland, only invertebrates, birds, and marine
mammals were able to colonize (Moran 1996);
terrestrial mammals and reptiles are absent.
From 1850, goats (Capra hircus), dogs (Canis
familiaris), cats, and house mice (Mus musculus)
established feral populations on Guadalupe
together with invasive birds and weeds (Junak
et al. 2005, Quintana-Barrios et al. 2006). Feral
goats (approximately 10,500) and a small population of dogs (<100) were eradicated between
2004 and 2007 (Aguirre-Muñoz et al. 2011).
Laysan Albatross
On Guadalupe, Laysan Albatross are distributed in 3 different colonies: 2 on the islets
(Zapato and Negro), and one on the main
island (2 locations: Punta Sur and Colinas
Negras; Figs. 1, 2). At Punta Sur, albatrosses
were recorded for the first time in 1984
(Gallo-Reynoso and Figueroa-Carranza 1996);
whereas in Zapato, Negro, and Colinas Negras,
they were first found in 2000 (Pitman et al.
2004). Laysan Albatross are monogamous,
forming strong pair bonds usually only disrupted by disappearance of one of the birds, in
which case another mate will be found (Fisher
1971, 1975, 1976, Rice and Kenyon 1962). The
species is long lived (>20 years; Fisher 1976),
with high survival (between 0.93 and 0.99;
VanderWerf and Young 2011). Yet, breeding
adults do not nest every year and only one
chick per pair is produced every season (Rice
and Kenyon 1962, Henry 2011, this paper).
On Guadalupe, Laysan Albatross start their
breeding season in early November, with
chicks hatching from late December to February and fledging in June (Gallo-Reynoso
and Figueroa-Carranza 1996, Henry 2011,
this paper).
The albatross colony on Guadalupe was
monitored from 2003 to 2013. From 2003 to
2008, we monitored in collaboration with
Robert W. Henry as part of a PhD project that
investigated the range expansion of this species over the Pacific Ocean (see Henry 2011).
The annual finite population growth rate was
estimated as l = Nt+1/Nt , where N is number
of reproductive individuals and t is breeding
season (year); the instantaneous population
growth rate is r = ln l (Caughley 1977, Hone
and Sibly 2002). Total number of nests, number of eggs laid, and number of chicks fledged
were recorded for every breeding season.
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Breeding success was estimated as the proportion of eggs laid that resulted in fledged chicks
(Young et al. 2009).
Feral Cat Abundance
The relative abundance of cats was estimated using spotlight surveys. Counts of
individuals were made at night using a spotlight of 2M candle power (Brinkmann, TX,
USA) held by a person in a vehicle driven at
a constant speed (15–20 km ⋅ hr–1) along a
37.2-km transect (main road on the island). All
animals observed in a wide strip of approximately 200 m (100 m per side) were counted.
Monitoring was conducted in winter 2007 and
then seasonally from 2009 to 2013. For this
paper, we used an average value from winter
(January–February) and spring (April–May), as
these are the seasons that coincide with the
albatross breeding period. The total number of
individuals counted was used to provide an
index of cat population density on Guadalupe,
represented as cats ⋅ km–1 and averaged over
the 3 nights of observation (Sharp et al. 2001,
Schauster et al. 2002).
Feral Cat Control
In 2003, after the heavy predation event
during the 2002–2003 breeding season, a
campaign to control cats around the albatross
colony was initiated. Given that resources
(both human and financial) were limited from
2004 to 2008 and that no heavy predation
events were detected in the Guadalupe colony,
the trapping effort around the colony was low
(ca. 500 trap-nights annually). The trapping
effort intensified beginning in 2009 as more
resources were available. In addition, since
Laysan Albatross established again on Colinas
Negras in 2007, traps were also set in this
location from 2009, which increased the total
number of traps set. On average, 40 traps
were set around the Laysan Albatross colony
on Guadalupe every year (Fig. 2). Traps were
set before the arrival of the first individuals
to the colony (before November), and control
continued throughout the albatross breeding
period. Cats were captured using leg-hold
traps (Victor Oneida Soft Catch leg-hold traps
No. 1.5) and euthanized with a lethal injection
(see also Luna-Mendoza et al. 2011).
An analysis of variance was done to evaluate the effect of feral cat control on albatross
breeding success. Data from 2003 to 2013
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Fig. 2. Laysan Albatross nesting area at 2 locations on the main island: Punta Sur (18 ha) and Colinas Negras (35 ha).
Black dots indicate the location of feral cat traps.

were used (Henry 2011, this paper) as well as
historical information from 1991, 1992, and 2000
(Gallo-Reynoso and Figueroa-Carranza 1996,
Pitman et al. 2004). We included these last 3
years since they were the only ones with available information about the number of nests
and chicks produced.
All analyses were conducted in R ver sion 3.0.1 (R Core Team 2012) in R Studio,
version 0.97.551 (RStudio 2013). For statistical analyses and graphs, packages plotrix
version 1.33 (Lemon et al. 2014) and psych version 3.5–3 (Revelle 2014) were used.

RESULTS
Laysan Albatross
Population growth rate.—The annual finite
population growth rate (l) was estimated as
1.10, based on the number of reproductive
(nesting) individuals from 2004 to 2013. The
Laysan Albatross colony on Guadalupe has
grown steadily during the past 30 years,
increasing from 4 to 143 breeding pairs on
the main island colony (Fig. 3; Gallo-Reynoso
and Figueroa-Carranza 1996, Henry 2011, this
paper). The islets have been experiencing a
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Fig. 3. Number of reproductive Laysan Albatross on Guadalupe’s main island colony from 1984 to 2013. Years with no
data are blank. The fitted line represents the instantaneous population growth rate (r). (See Dunlap 1988, Oberbauer et al.
1989, Howell and Webb 1992, Gallo-Reynoso and Figueroa-Carranza 1996, Pitman et al. 2004, Henry 2011, and this paper.)

similar occurrence, and colonies there have
increased from 373 nests in 2009 (Henry
2011, GECI unpublished data) to 503 nests
in 2013: 332 on Zapato and 171 on Negro,
(GECI unpublished data).
The Colinas Negras colony was just discovered in 2000, when 17 nests were found
(Pitman et al. 2004). However, by 2003 no
individuals were found nesting there, possibly
due to extirpation by feral cats and dogs.
Breeding in this colony was observed again
in February 2007, when one nest was found
(María Félix and Robert W. Henry personal
observation). Since then, the number of nests
has increased annually (Figs. 3, 4).
Reproductive success.—Low reproductive
success was recorded from 1988 to 2003 and
in 2012 (x– = 0.39, SD 0.25; n = 5), when cat
predation events were recorded (Fig. 5). In
contrast, high reproductive success was recorded in 2004, from 2006 to 2011, and in
2013 (x– = 0.8, SD 0.05; n = 8), when no predation events were recorded (Fig. 5). There
were significant differences in reproductive success between years with predation and no predation by feral cats (F1, 12 = 12.83, P = 0.004).
The low reproductive success recorded
previous to 2003 was also due to predation
by feral dogs and egg losses due to human
exploitation (Howell and Webb 1992, GalloReynoso and Figueroa-Carranza 1996, Pitman
et al. 2004). In 2002–2003 predation occurred

on adults, while in 2012 cats preyed upon
chicks (n = 30). Also, in 2012 eight nests
failed due to human disturbance (egg exploitation; Julio Hernández personal observation).
In 2005, low reproductive success was observed
despite no recorded predation events by cats.
This low may be associated with the high
predation event during the 2002–2003 breeding season, because looking for a new mate
when the partner has been lost might affect
reproductive success in subsequent years
(Henry 2011).
Feral cat control and abundance.—From
2003 to 2013, we captured a total of 203 cats
around the main (Guadalupe) island albatross
colony (Fig. 6). Feral cat captures increased
twofold after 2008 since we expanded our
trapping effort from about 500 trap-nights a
year to an average of 2408 (SD 2027) trapnights between 2009 and 2013, ranging from
1080 to 6000 trap-nights in 2009 and 2013,
respectively. Trapping effort was increased
for 2 main reasons: (1) to reinforce the protection of Laysan Albatross both at Punta Sur and
Colinas Negras in order to maintain this
colony’s growth rate and (2) to gather baseline
information (e.g., morphometric and diet data)
about the population of feral cats on Guadalupe as part of the development of an eradication plan (see Luna-Mendoza et al. 2011).
Regarding cat abundance on Guadalupe,
the lowest index value (0.04) was recorded in
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Fig. 4. Laysan Albatross nesting on Zapato Islet.

2007, when we only did the spotlight counts
over winter. The highest index value (1.03)
occurred in 2009, which coincides with our
highest captures of cats. Between 2009 and
2013, the average cat index value was 0.68
(SD 0.30; Fig. 6).
DISCUSSION
The Laysan Albatross colony on Guadalupe
Island has shown steady growth since its
establishment in 1983, despite the fact that
frequent disturbance to the colony has been
observed, either through predation or human
disturbance. The finite population growth
rate of 1.35 reported by Gallo-Reynoso and
Figueroa-Carranza (1996) is higher than our
rate of 1.10. This decrease in the colony’s
growth rate may be related to the fact that cat
predation has decreased adult survival and
thus breeding success (Fig. 5). For instance, on
Guadalupe the number of nests increased
from 67 in 2000 (Pitman et al. 2004) to 143 in
2013 (this paper). In contrast, during this same
period the number of nests increased from 52
(Pitman et al. 2004) to 503 (this paper) on the
islets, where there are no cats present. This
difference can be attributed to the lack of
predation pressure on the islets which results in higher breeding success and adult survival. Seabirds potentially select sites to
establish new colonies based on several fac-

tors, one of them being predation risk
(Burger and Gochfeld 1994, Danchin et al.
1998, Kharitonov and Siegel-Causey 1988);
thus it is possible that some breeding birds
may have selected the islets over the main
island to nest.
Nevertheless, the overall population growth
rate of the Guadalupe colony is still higher
than those observed for other species of albatrosses, ranging from 0.910 to 1.073 (e.g.,
Arnold et al. 2006, Finkelstein et al. 2010,
Robertson et al. 2014). This means that the
colony is still growing. According to GalloReynoso and Figueroa-Carranza (1996), this
growth can only be explained by constant
immigration from other sites rather than
intrinsic recruitment, despite the colony’s high
breeding success (0.80 without cat predation;
Henry 2011, this paper). On the island of
Oahu (Hawaii), for example, albatross finite
population growth rate was 2.7, even though
predation was occurring. As in Guadalupe,
this colony’s growth seems to be related more
to immigration than local recruitment (Young
et al. 2009), especially because prospecting
birds might replace those individuals killed
by cats (Pontier et al. 2008, Bonnaud et al.
2009).
Although Laysan Albatross seem tolerant of
moderate predation, heavy predation, particularly on adults, could provoke a collapse in
the breeding population in just a few years
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Fig. 5. Reproductive success of Laysan Albatross on Punta Sur and Colinas Negras during years with cat predation
and years without cat predation. (See Oberbauer et al. 1989, Gallo-Reynoso and Figueroa-Carranza 1996, Pitman et al.
2004, Henry 2011, and this paper.)

Fig. 6. Number of cats captured at Punta Sur and Colinas Negras during the past decade. Values of cat relative abundance (cats ⋅ km–1) for 2007 and 2009–2013 are also shown (black squares).

(Simons 1984, Smith et al. 2002, Peck et al.
2008, Faulquier et al. 2009). Adult loss can be
one of the most important factors affecting
population growth rate (Lewison et al. 2012)
on Guadalupe. In fact, population growth rate
is very sensitive to changes in adult survival
in other species of albatross like the Blackbrowed Albatross (Thalassarche melanophris;
Arnold et al. 2006, Rolland et al. 2009) and
the Waved Albatross (Phoebastria irrorata;

Anderson et al. 2008). If predation continues,
the island could act as a sink habitat, where
a high number of reproductive individuals
are being lost and therefore the population
becomes unsustainable in the long term without a high rate of immigration (Peery et al.
2006, Bonnaud et al. 2009).
Laysan Albatross reproductive success in
those years when no predation events were
recorded on the colony was 0.80 (SD 0.05),
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which is consistent with other seabird species.
Nur and Sydeman (1999) found that few studies have reported average reproductive success
as high as 0.8 (reproductive success defined as
proportion of fledglings to chicks reared).
Therefore, it is likely that this is the highest
reproductive success that can be achieved by
albatross on Guadalupe. It is interesting though
that the reproductive success of Laysan Albatross on Guadalupe was higher or about the
same as the one recorded on the island of
Oahu (0.48) when predation represents isolated events (Young et al. 2009).
Laysan Albatross reproductive success in
years when cat predation was recorded was
0.4 (SD 0.22). On Guadalupe, no selective predation has been observed, as feral cats can prey
equally upon adults and chicks. From 1988 to
2000, predation by invasive mammals was
recorded, but no actions were taken to remove
the predation pressure from the colony, except
the removal of one dog in 1988 (Gallo-Reynoso and Figueroa-Carranza et al. 1996). In
2000, this lack of action led to the loss of all
chicks (Pitman et al. 2004). In contrast, during
the breeding season of 2002–2003 and 2011–
2012, feral cats were removed from the colony
as soon as predation was detected.
Feral cat predation in the albatross colony
could be related to individuals acquiring some
sort of learned behavior and the ability to kill
albatross (Keitt et al. 2005). This behavior has
been observed in other invasive predators
such as rats and mice preying upon albatross
in other islands (Kepler 1967, Cuthbert et al.
2013). Some cats can learn to kill specific
novel prey. This ability was observed on Stewart Island, New Zealand, where few cats were
specifically targeting Kakapo (Strigops habroptilus) and New Zealand Dotterel (Charadrius
obscurus). Feral cats were previously present
at the site but never exhibited such high rate
of predation (Dowding and Murphy 1993,
Powlesland et al. 1995).
In addition, when food resources are scarce
in other parts of the island, cats may increase
predation pressure on seabird colonies, especially during years when cat abundance is
high as a result of high availability of their preferred food item: house mice (Luna-Mendoza
et al. 2011, Luna-Mendoza 2014). Cats on
Macquarie Island (Australia) moved, possibly
only for foraging, to sites where additional
food resources were available during winter
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when prey is generally absent on the island
(Jones 1977). Cats can associate certain areas
with availability of additional prey, as ob served on Corvo Island (Portugal), where one
domestic cat made a single trip to visit all
Cory’s Shearwater colonies on the island
(Hervías et al. 2014). Our estimation of cat
abundance suggests that in those years when
cat relative abundance was high (2009–2013),
the visitation rate (calculated by the number
of cats captured) to the albatross colony was
higher than in those years when cat relative
abundance was low (2007–2008). This behavior could also explain why from 2006 to 2008,
despite low trapping effort around the albatross colony (Fig. 6), no predation events were
recorded. Few data points were available to
test the effect of predation on albatross reproductive success (Fig. 5). However, the analysis
of variance suggests a positive effect of cat
control in this population parameter overall.
Our aim is to continue with cat control
until sufficient funding is obtained to conduct
an eradication campaign on Guadalupe. We have
been gathering data on the best approach to
eradication over the past few years and determined that the most cost-efficient method to
remove cats is through trapping and groundhunting rather than use of toxic baits. This
view has been supported by international experts in the field (Parkes et al. 2012) and has
proven to be effective on islands with similar
characteristics to Guadalupe (e.g., Campbell et
al. 2011, Robinson and Copson 2014). We estimate that a 3-year feral cat eradication program
would cost $4 million USD just for implementation. Compared to other cat eradications, this
estimate puts Guadalupe at the midrange cost
of $164 USD per hectare for this type of operation (Campbell et al. 2011). Macquarie Island
(12,800 ha), the second largest island from
which cats have been eradicated, cost $258
AUD per hectare (ca. $230 USD per hectare;
Robinson and Copson 2014, Parkes et al. 2014).
During the past 5 years (2009–2013), cat
control on Guadalupe has cost $1.25 million
USD, at a rate of $250,000 USD per year. This
includes costs such as transport to and from
the island, staff monthly salaries, materials and
equipment, food, and maintenance of a biological station. Although this figure is lower than
the cost of the eradication program, control
eventually becomes less cost efficient in the
long term since the problem (feral cats) is not

552

MONOGRAPHS OF THE WESTERN NORTH AMERICAN NATURALIST

completely removed. Furthermore, sustaining
cat control on Guadalupe over a decade has
proven challenging.
Despite the challenges, cat control has
been very effective in protecting the Laysan
Albatross colony, and we will continue this
important action until funding for implementing the eradication program is secured. Protecting the colony on Guadalupe is of high
importance since it is the most successful
breeding colony in the eastern Pacific (Pitman
et al. 2004, Henry 2011).
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